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INTRODUCTION

t

General Nature and Scope of Study

Forage fish research in the Bering Sea was initiated in fiscal year
1976 under t’ne”auspices of Research Unit 19 as a pare of the Outer
Continental Shelf Environmental Assessment Program (OCSEAP), of the
National oceanographic and Atmospheric Admini.st~ation (NOAA). During
that year field work began in” May and continued until October. Field
work consisted of aerial and ground truth investigations. Over a dozen
temporary and permanent biological investigators were utilized by the
Alaska Department of Fish and Game (ADF&G) to carry on all activities
under the overall project guidance of t$e Principle Investigator$ Mr.
Louis Barton, ADF&G, Anchorage. His assistant, the senior author of
this paper, supervised all field activities southwest of Smoky Point
on ‘the north coast of the Alaska Peninsulas while Mr. Barton was actual
field supemisor for all activities north of Smoky Point.

Specific Objective

In the spring of 1977 OCSEAP funded the present study for the purposes
of complementing the large bank of forage fish data accrued in 1976
under OCSE~ funding. The original purpose of this research unit was
to study th4 n~arshore spawning stocks of forage fish along the east
coast of the Bering Sea in respect to relative abundances spatial
distribution, and basic life history facts concerning age and sexual
maturity. This study’s funding was at a ud.nimal level to prevent
complete loss of data continuity. Because of the limited funding,
the nature of all 1977 activities was more austere than those completed
in 19769 with the number of personnel reduced considerably. Since the
basic life histories of all forage fish in the Bering Sea were either
poorly kiiown or not known at all, 1977 activities were invaluable in
supplementing the knowledge of these species.



Relevance to Problems of Petroleum Development

It is known that surface bo~ne pollutants are toxic to some species
of forage fish. Kuhnhold (1970) studied the effects of certain crude
oils upon Atlantic herring eggs, la~ae and adults, and concluded
that most crude oils were especially toxic to them in early life stages.
Although it is not presently known how these types of pollutants would
affect forage fishes in the Bering Sea, it is important to have an
understanding of the temporal and spatial distribution and abundance
of forage fish. If these factors are not known, long term effects of
surface pollutants would be impossible to assess. If we know or have
a fair assessment of where any species of forage fish is per time of
year, the job of assessing the effects of petroleun related impacts
would be greatly enhanced.

AC”KNOWLZDGEMENTS

Many people have contributed to this study, including the following who
assisted in project development and planning: ADF&G staff: Dennis
Elankenbeckler,  Glenn Davenport, Tim Jackinsky, Mike Jonrowe, Dorothy
L.unsford, Jerry McCrary, and Ron Regnart. The following secretarial
staff assisted in the production of reports: “ Kyle Watson~ Beverly
“Burns, Elaine Damn, Lila Gowdy and Melayna McGuire. The following
employees of the ADF&G collected the data: Brian Bue, Nell Fuqua,
Dave Sczawinski, Mike Whelan and Dan Wiezorek. Jeff Collins of National
Marine Fisheries Service (NMFS) in Kodiak provided the use of that
agency$s facilities and pilots Ed King .,and Howard McCubbin piloted most
survey flights.

CURRENT ST,\TE OF

This study considered fozage fish to
form of the smelt family. All other

KNOWLEDGE

be herring and sand lance or any
fish are considered outside the

scope of this report. Various cruises have recorded the presence of
eulachon Thaleichthys pacificus and capelin Mallotus villosus in the
Bering Sea - Bristol Bay area (Hart, 1973). Also boreal smelt* Osmerus
eperlanus has been recorded as being present north to arctic Canada.
Although the surf smelt Hvpomesus pretiosus is recorded as ranging as
far north as Chignik Lagoon, (Hart, 1973) it was found by the authors and
also by investigators working in the vicinity of Izembek Lagoon (Smith,
personal communication) to be present in the Bering Sea. The latter
investigator found them in this region during 1972-73.

*Co~usion surrounds both the scientific and vernacular name of this fish.
In this report, we shall refer to it in the vernacular as “boreal smelt’q
and scientifically as Osmerus eperlanus: numerous
is as “toothed smelt”, “rainbow smelt”, “smelt” or
last being the least appropriate as the species is
distribution. Scientifically it is referred to as
(McPhail and Lindsey, 1970).
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Eskimos have known herring Clupea harengus pallasi to exist in the
Berivg Sea for -thousands of years as they depend on them for food.
Caucasians noted the occurrence of this fish when first arriving in
the area, but they were first scientifically recorded by E. Nelson
(1887) in his biological inventory work on the Bering Sea.

Substantial harvests of herring by the U. S. fishing industry took
place during the early 1900’s (Figure l). Biological investigation of
herring was initiated in 1929 when George Rounsefell  completed his
p~oneer report on Pacific herring. Rounsefell worked on Pacific herring
collected from the entire North American range of this fish, which are
known to occur from San Diego Bay (possibly even Baja, California)
northeast to Cape Bathurst in the Canadian arctic and northwest to the
Russian arctic (Hart, 1973). Rounsefell  employed the vertebral counts
of herring from San Diego to Golovnin Bay in Norton Sound as a basis
for population differentiation.

The next major work on Bering Sea herring was by Rumyantsev and Darda
of the Soviet Union who conducted baseline investigations concerning
the life history of Pacific herring in the Bering Sea during an inveu-
tory assessment project under the auspices of the Russian Fishing
Agency, TINRO (Moiseev,  P. A., editor, 1969). This work preceeded
commercial  entry by the U.S.S.R. into the herring fishery of this area.
A compilation of domestic herring catch statistics was completed by
the ADF&G (Randall, 1976) from the newly developed Togiak herring
fishsry.

Zn 1976, the ADF&G began investigations of Bering Sea herring and other
forage fish under the OCSEAP R.U. 19 ti~led: HERRING SPAWNING SURVEYS,
SOUTHERN .BERING SEA. A project completion report was submitted in April
of 1977 which included extensive work on herring (Barton, Warner$ Shafford$
1977). This was the first extensive biological contribution to capelin
in the Pacific basin, and a pioneer American effort into the life history
of the herring in the Bering Sea.

3arton (1978) described further the biology of herring in the Norton
sound. In 1978 the North Pacific Fisher-y Management Council (NPFMC)
funded a tw~ year study conducted by the Alaska Department of Fish and
Game. This study centered around herring and capelin, and further esta-
blished life history parameters of both species concerning age, growth
and spawning habitat demands (Barton, 1979). Also, a study pertaining
to subsistence use of herring was funded by the NPFMC during 1978, and
those findings incorporated into a project completion report by the
Dames and Moore corporation that year (Hemming, 1978). Concern for
the management of the foreign and domestic herring fishery in the Bering
Sea caused NMFS to initiate efforts in this area. Wespestad (1977, 1978)
compiled herring data from numerous sources with a view towards manage-
ment information and consolidation of standing knowledge of herring in
the Bering Sea. The preliminary Bering Sea management plan for herring
in the study area contains a section concerning the biology and numerous
other sections concerning herring (NPFMC, 1979).

It has been observed that herring overwi.nter  in the deepwater  areas
northwest of the Pribilof Islands between latitudes 58 and 59 degrees north~

8 1



Figure 1. The dock at Unalaska  during the height of till! Ilerring rur)s in August, 1928, showing piles of
empty barrels JIMI rows of packed barrels ready for :Jllll)t]wnt. “
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,

at depths of 105 to 137 meters, an area of approximately 2800 km (Favorite,
et. al, 1977; Shaboneev, 1972). Japanese researchers have studied wintering
herring in the area of 59°15’17” north (Takahashi,  1974)
familiar with their presence” there.

and presumably are-

along the Bristol
to be two main
How these routes

The migration route of herring to their spawning grounds
Bay-Bering Sea coast is hypothesized by Shaboneev (1972)
routes passing north and south of the Pribilof Islands.
were determined is not clear in this report, and the obsemation concerning
the two routes towards the spawning grounds certainly needs further clari-
fication. What is clear, however, is that most herring in the eastern
Bering Sea spawn on the North American continent; Russian and Japanese
scientists acknowledge this mutely, as they never consider that the massive
body of herring wintering northwest of the Pribilof Islands go anywhere else
to spawn.

.
Herring first arrive on the spawning grounds at varying ”fntervals according
to how far north those spawning grounds are (Warner, Barton, Shafford, 1977).
Spawning runs in the Port Moller-Herendeen Bay complex occur in late May
and early June, often extending into the middle of June. Spawning activity
further north generally occurs later and some runs in the Bering Strait area
occur as late as August.

“ The current state of knowledge concerning herring is greater than that of
Osmeridae and Ammodytidae in the Bering Sea due to the lack of commercial
interest in these fishes. Because of this there is no standing bank of know-
ledge for these groups outside of listing geographical occurrence. The
authors consulted literature outside of the study area in order to develop
methodology and gather life history dat;concerning the smelt family. The
most important work concerning capelin was the exhaustive work completed by
Templeman (1948), which pertains to capelin on the east coast of Canada and
establishes many techniques for investigation of life history parameters.

No single comprehensive work exists concerning boreal smelt, yet McKensie’s
1948 paper on the growth and age of boreal smelt in New Brunswick provided
valuable insight into the problems of investigating this species. Other
works on boreal smelt were reviewed, but most were too specialized or
generalized for our purposes.

A great lack: of prior information regarding eulachon* was encountered as
there are no major works an this species outside of Smith and Saalfield’s
brief 1955 paper on the Columbia River Smelt. During the past two years, the
authors have found only five papers dealing specifically with eulachon.

*The common names as applied to eulachon are extremely chaotic, a condition
which plagues all members of the smelt family. Eulachon are also called
Columbia River Smelt, hooli’gan, candlefish and just plain smelt. Eulachon
is:a corruption of the French word for this fish filch occurred in the F40rth-
western Chinook jargon, a common trade language of this area for over 125
years. In Alaska, all names are used in different combinations for all the
smelts, and even for fish outside the smelt family. This condition makes
anecdotal investigations concerning any of the smelt a matter of confusion.

10



A brief life history review will introduce each discussion section.
This will seine to inform the reader immediately prior to an in depth
species discussion.

STUDY AREA

The study area includes all coastal waters of the north Alaska Peninsula
and Bristol Bay from Unimak Pass north to the Yukon River Delta including
Nunivak Island, a total of 3,594 kilometers or 2,233 statute miles.
Zoogeographically,  this area includes sub-polar and taiga ecosystems
typified by a continental shelf zone that is at least partially ice cwered
during all or some of the winter. The area contains some of the world’s
largest and most valuable fisheries partially or completely within its
bounds. Perhaps the most dynamic feature of the study area is the Bristol
Bay region which for 70 years has been the-’location of the largest sockeye
salmon fishery in the world. Fish are of immediate importance to every
living thing within this system, either directly or indirectly. The
majority of the waters in the Bristol Bay region are turbid, a condition
which precludes aerial spotting of fish schools. Weather conditions are
mercurial, and human lives are lost each year due to this. The coast line
within the bay itself is typified by low bluffs topped with tundra to the
edges, which fall away steeply to expansive beaches which are open and
exposed, or by low lying coasts littered with hundreds of ponds and wide,
alnnst level beaches.

Outside of Bristol Bay to the north and west, geographic features change
somewhat: in the Cape Newenham region%o the north, sheer cliffs may tower
hundreds of feet above the shoreline. To the southwest along the north coast
of the Alaska Peninsula between Cape Sarichef and Cape Greig open beaches
stretch for miles without indentations or coves interrupting the straight-
ness of the coastline (Figures 2 and 3). Along this section of the study
area are only four major bay systems: Port Heiden, Port Moller, %zembek
Lagoon and Bechevin Bay. When combined, the shorelines of these systems
total 665 kilometers, compared with 502 kilometers of open beaches along the
Alaska Peninsula northeast to Cape Greig.. This ratio of open to closed coast-
line is far different than most of Alaska’s coasts. On its south coast, this
portion of the Alaska Peninsula is mountainous becomfng flat and extending
north to the Bering Sea in a long gentle escarpment. The mountains,.  some
actively volcanic, are capped with snow late into the summer, and the narrow
passes in these ranges funnel southerly winds in such a fashion as to create
dangerous and unpredictable winds on either coast.

It is over this 2,200 mile section of coastline that the North American
continent joins the Bering Sea, and it was this area that the research
responsibilities for this project existed. Field logistics for crews and
aerial su~eys were difficult being almost entirely dependent on air taxi
services, which were frequently overbooked during the spring-summer months
when project activity was at its peak.

11



Figure 2. Stroganof  Point, north coast of the Alaskan Peninsuia, looking toward Port
Heiden, Mishik Mountains in the background, July 1977.

,... . .

.,

,.&J%- S’,*..-..,.  “- ‘
Figure 3. Cape Kutuzof, north coast Alaskan Peninsula, June 1976.
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METHODS AND APPROACHES FOR DATA COLLECTION

The two primary approaches used to accomplish the objectives of this
research unit were: 1) Aerial surveillance of spawning and/or moving schools
of forage fishes and 2) operation of ground truth stations to collect specimens
in order to determine species composition, life history parameters and age
class composition.

Aerial Sumeillance

The entire coastline of the study area was divided into census areas
(Table 1). These divisions were made to facilitate digitizing data.
The purpose of the surveys was to monitor the location, timing and relative
abundance of spawning populations of herring and other forage fishes.

Single engine aircraft chartered from local air taxi operators were
used for the most part to conduct aerial surveys. Survey data were recorded
on aerial survey forms which were compatible with the OCSEAP file type 057
format. A survey was defined as a single flight on a single calendar day
per observer(s). All weather conditions and chronological information were
recorded for each census area surveyed along with geomorphic beach types.
Weather data were usually determined visually from the aircraft’s instruments,
and by calling into the closest FM flight information center. If instrumen-
tation wasn’t available, the observer estimated the values of wind direction
by direct obsewation. Geological infoiiuation was also gathered by direct
observation. Water turbidity was recorded, and an overall value was arbi-
trarily assigned to general survey conditions encountered by each observer.
Fish schools observed were enumerated separately unless they were within
very close proximity of each other (within 300 meters), in which event
each aggregation of schools was counted as one school. In this case, the
number of schools in each aggregation were recorded, hence total individual
schools seen per survey is recoverable. The estimated distance of each
school from shore was recorded along with a subjective value of school size
(large, medium, small). The location and species of each school were
recorded along with the time it was observed.

Survey observations for each census were often peculiar to the observer. The
favored altitude from which su~eys were conducted differs amongst aerial
forage fish spotters. The senior author favored 330 meters, whereas other
observers preferred a somewhat lower or higher altitude. Generally though,
censuses were conducted from an altitude of 300 meters at a speed of 220
kilometers per hour. Meteorological conditions often required a survey
altitude of less than 300 meters, and surveys frequently had to be
terminated due to inclement weather. Polarized sunglasses were worn by
observers to reduce surface glare, hence increase observation potential.
Most OCSEAP personnel recorded their aerial data onto tape recorders in the
aircraft for later transcription onto aerial survey forms.

13
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159°35’30’
160°00’00”
160°14’20”
159°5s’00”
l~~017140fI

160°24’10”
160°4?’20”
160°42too”

57°30’54”
5~9~4900rJ

58°38’59”
53°23’10”
5s055’10”
5~”5~’~()”
53°51’00”
53”3ij’~()”
5~0L.t40TJ
530[}5’()!3”
5~043’30’”
5~045r50tl

44.7

115.i.
79.5
33.9
2s.0
45.6
6.4
4.7

14.9
10.9
77.7
66.s

72
190.0
~~~.g
135.0
45.0
75.0
10.3
7.5

24.0
17.5

125.0
107.5

5s036’30”
58°39’40”
58°50’00”
53°54’40”
59”07;00”

161”43V20”
lrJ1°52’oo”
161°46’00”
161°47’10”
161°56’10”

60.6
32.6
14.3
29.2
30.8

97.5
52.5
23.0
32.5
49.5

59°25’30” 161”51’20” 16s.6104.9
cokwin River-Kolavi.narak
Xiver 22 59°47’10” 163°46’20” 109.4 176.0

‘ ineEr shoreline distance on either side of census area nid point.
~atitude and Longitude of mid point of census area.
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27
28
29
30

31

60°29’130”

60°39’00”
6g0~y?~~?,

(j10/@lO~Il

61°12’40”
61°31’30”
61°39’40”
61°57’00”

63°08’30”

It55°~9rIJ~”
165°41’00”
165°00’00”
165°33’30”
166°02’00”
165’48’00”
165°43’20”

164°33’50”

27.3
290.0
50.0
40.4
46.6
35.7
60.6

76.3

44.0
465.0
80.5
65.0
75.0
57.5
97.5

193.0

22.0
Peri~2ter
40.3
32.5
37.5
28.8
48.8

96.5

1/ Lir.?ar shoreline dist~nce on eith?r side of census ares mid point.
~ L~z:tu2e and Longitude of” Mc? point of census area.
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Fish Sampling

A series of sampling stations were established along the trackline of the
aerial survey census flights. The location of these stations changed in ref-
erence to major spawning locations seen from the air by the project leader.
A sampling crew was dispatched immediately to such locations if possible.
Major spawning areas were examined by boat and foot surveys:

Test fishing was conducted at Meshik/Port Heiden continuously between
Hay 21, 1977 and July 4, 1977. A short sampling period was conducted in
the fall of 1977 between October 18 and October 19.

Beaches were walked at low tide and obsenations  made as to egg density
aqd distribution and types of spawning substrates utilized. Vegetation was
identified by the use of Robert F. Scagel’s Guide to Common Seaweeds of
British Columbia, (1967) . The density of spawn was recorded based on
a subjective scale of deposition (Table 2).

Table 2. Subjective index used for determining spawn intensity for herring.
and capelin, Bering Sea OCS Forage Fish, 1977.

.—

Spawn intensity

1.
2.
3*
46
5.
6.
7.
8.
9.

Very Light
Light
Medium
Heavy
Very Heavy
Very Light
Light
Medium
Heavy

l-2zlayers
3-4 layers
5-8 layers
9-15 layers
7-16 layers
<20 eggs per cubic .25 meter
20-40 eggs per cubic .25 meter
41-60 eggs per cubic .25 meter
>60 eggs per cubic .25 meter

All”test fishing at sampling stations was done with variable mesh gill nets
ranging from about 28 to 80 mm (stretch mesh). These gillnets ranged from
approximately 1? to 21 meters in length and ~075 meters in depth and were
fished by drift netting offshore or set netting onshore. Set netting was
most commonly done by setting and picking the net on successive low tides
and allowing it to fish when inundated by the high tide. Herring samples
from offshore areas were made available to this investigator in 1976 through
the cooperation of fisheries scientists on board the M/V PAT SAN MARIE, under
charter toNMFS, Seattle. These forage fish specimens were taken incidentally
to demersal and shellfish sampling in the Bering Sea. A few onshore samples
were also obtained by the use of 45 meter hand beach sei.ne~ tapered from
.7 meter to 1.3 meters in depth with a bag. Spawning capeli.n  were obtained
directly from the surf by hand.

Hydrological data was collected by the use of hand held thermometers
=~librated to the nearest half degree Celsius. Salinity was determined at
some stations by the use of NaCl hydrometer.



All fish specimens were measured and weighed to the nearest millimeter
and gram respectively. Gonads were weighed to a tenth of a gram. When
subsampling was necessary, variable mesh gill net catches were subsampled
following specific instructions which insured that the subsample would
represent the catch from each “panel” of the gf.11” net.

Standard lengths were taken on herring (Eddy, 1969) and fork lengths were
taken on all other species. All fish body weights were taken with a triple
beam balance. Condition factors (K values) were determined by using for-
mulae derived by Ricker (1962).**

In the case of species where ageing methods were relatively untried, ages
were determined by a combination of methods. In the case of a species
where age methods were firmly established, a single method was employed.
Table 3 shows what age method was used on each species. Osmerids  were
aged using both otolith and scale. Methods in processing each type of
bony part varied but essentially otoliths were processed by-clearing off
surface material by soaking them in a mixture of the enzyme papain and
water. After submersion in glycerin, they were then read with a stereo-
scopic microscope by the use of reflected and transmitted light. Osmerid
scales were processed much like those of herring, although swabs were
mounted for the reading of each specimen rather than a single scale,
as is the case with herring. Boreal smelt otolith masses were determined
by the use of a Mettler analytical balance to the nearest .0001 gr.

Table 3. Ageing methods used on forage fish, R. U. 19, 1976-1977.

Species Otolith Scale Otolith Mass Length

Pacific herring x x
Boreal smelt x x x x
Capelin x x x
Eulachon x x x

Since herring frequently lose part or all of their body scales in handling,
samples were taken opportunistically from anywhere except along the lateral
line, although preference was given to the anterior portion of the body above
the lateral line. Scale ”samples taken in the field were put into small
envelopes and all pertinent data was written on the envelope. Scales from
these whole fresh or frozen fish were mounted directly from the fish onto
a glass slide with a dilute glue solution at the Kodiak facility (Figure 4).

Fecundity analysis was done on three forage fish species in 1977. ovaries
were dissected out of 84 herring, 68 capelin, and 6 eulachon. The ovaries
were taken from ripe females, but care was taken to be sure that no partially
spawned out fish were sampled. When processing began, Cilson’s Fluid* was

*~ee ApPend~ B for complete recipe and instructions fOr USe Of this presenative
**K = W x 105

~3
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. . .

Figure 4: Field laboratory facilities at ADF&G cabin, Port I-feiden, field season, 1977.
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decanted and the ovaries washed repeatedly in running tap water,
strained through a wire sieve and broken up manually (with gloved hand)
until most eggs were separated. Remaining fragments of membranous
matter were removed with forceps. The eggs were ’then placed to drain on
paper toweling in separate petri dishes; all standing water was decanted
until no more remained pooled in the bottom of the dish. A single wall
transite oven (Model SW-llTA) was used for drying purposes. This oven
would hold twelve 10 oz. petri dishes (used for herring and eulachon eggs)
and 36 syracuse plates with an inside diameter of 6.5 cm (used for capelin).

The drying process took from 12 to 18 hours at 60° C depending on the size
of the ovary and the cohesiveness of the egg mass. (Often times, especially
with thawed frozen samples, the eggs did not separate well. These clumps
of eggs took longer to dry than those which were well separated.) Frequently
several samples would dry before the rest, at which time more wet samples
were placed in the oven so it was kept full ~at all times. It was necessary
to be sure each sample was evenly dried throughout so”that subsample weights
would be reliable indicators of the whole sample. The eggs were dry when they
became hard and pebble-like in texture. After drying, the eggs were placed
in small carefully labeled envelopes and sealed at the time the weighing
process was begun. The eggs were counted out in plastic petri dishes (14 cm
in diameter) (Figure 5). It was found that herring eggs were counted most
efficiently on a light background while those from eulachon and capelin were
most easily counted against a dark background; three subsamples of 250 eggs
were counted out from each ovary. These samples were weighed to the nearest
0.1 mg. on the analytical balance (Figure 6); whole samples were then weighed”
also to the nearest 0.1 reg., with the total egg count extrapolated from the
mean weight of the three 250 egg samples.

Macro-analysis of stomach contents were made on boreal smelt in the field,
the contents identified to order and percent fullness recorded for that
specimen. Herring, capelin and eulachon, due to their advanced pre-spawning
state had, for the most part, empty foreguts.

RESULTS

Aerial Surveys

During the 1977 field season 26 survey flights were made over a total track-
Iine of 13,262 kilometers with single and twin engine aircraft for the specific
purposes of this Research Unit. All flights took place between Cape Sarichef
on the western end of Unimak Island northeast along the Bering Sea coast to
the mouth of the Yukon River. Over this area a total of 1,118 schools of
forage fish were sighted during 52 individual suweys. Eighty-five percent
of all schools were seen during the last week of May and the first week of
June. Because of the extensive length of this coastline, it was broken into
three sub-areas (Table 4), which can be seen on the following page. The areas
of forage fish concentrations as seen during aerial surveys are represented
in Figure 7, and the computations derived from these surveys are presented
in Table 5. Greatest sighting rates took place between Naknek and Cape
Newenham, which encompasses the intensive Togiak herring fishery. Surveys
between Cape Sarichef and Naknek on the Alaska Peninsula, resulted
in the lowest schools seen per kilometer flown.

19



Figure 8. Counting process of dried eulachon eggs for fecundity analysis.

Figure 9. Mettler  Analytical balance used for weighing dried fish eggs in
fecundity processing.

20



Table 4. Sub-areas, forage fish aerial surveys. R. U. 19, 1977.

Area A: Cape Sarichef to Naknek

Area B: Naknek to Cape Newenham

Area C: Cape Newenham to Yukon River

Table 5. R. U. 19 Aerial census results, OCSEAP Forage Fish. Cape Sarichef
to Yukon River, 1977.

(1)

.—

(2)

——

(3)

——.

Overall kilometers flown 13,262
Overall schools sighted 1,118
Overall schools seen/kilometers flown .083
Flights made 26

——-— —.—— ———— ——.— ———— .——— -—

AREA A

Overall kilometers flown 5,403
Overall schools sighted 59
Overall schools seen/kilometers flown .011
Flights made -“ 8
——- ——- ——,— ——— ——— ——_ _—_ ___ __

AREA B

Overall kilometers flown 3,731
Overall schools sighted 765
Overall schools seen/kilometers flown .205
Flights made 10

-—-— --—- ———— -——- —___ ____ __

(4) Overal 1
Overall
Overall
Flights

AREA C

kilometers flown .4128
schools sighted 294
schools seen/kilometers flown .071
mad e 8

In 1976 a total of 1,481 schools of forage fish were obse~ed over the same
trackline. Thirty-four su~ey flights were flown over 16,565 kilometers for
an overall result of .0894 schools of forage fish seen per kilometer flown,
virtually identical to the .083 schools per kilometer in 1977.
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Hydrography

Thirty-four temperature readings and 31 salinity readings w re taken
during 1976 in the contract area. In 1977, however,

/

salini y data was
restricted to Togiak Bay and Meshik-Port Heiden. A total c 24 temper-
ature and salinity readings were taken in Togiak Bay, whilf 37 temperature
and 17 salinity readings were taken at Meshik-Port Heiden. Temperature
increased from about 4° to 8° C. in late May, to 9° to 14” in late June
at Meshik each year, but was cooler at Togiak. Salinity Luctuated from
about half to full seawater strength at Fleshik but was ge erally full
seawater salinity at Togiak (Figure 8).

Fish Sampling
‘\/

Summary

[
A total of 4,738 forage fish were taken for the purpos.s of the RU in 1977.
The majority of these were herring (2,682) most of wh h were taken at
Togiak Bay in May from commercial purse seine catches /

!
A total of 1,416 capelin were taken, 108 from Meshik-’ort  Heiden, and
1,308 from Togiak Bay.

(

All boreal smelt captured (4(5) in 1977 were taken
at Meshik-Port Heiden$ as were the 35 eulachon.

Herring - Results

/

Herring were first captured on May 7 at Togiak :ld on May 23 at Meshik-
Port Heiden. The mean body weight .and length of sampled herring was
162 grams and 230 mm respectively. Male and fecale herring were equally
abundant and did not differ in size. The weigh frequency yielded a
range of 80 to 329 grams (Figure 9). The lengt frequency yielded a
range of 180 to 305 mm (Figure 10).

The mean age of 2,674 herring was 4.7 years, @th the fourth year class
predominating. Eight year classes were found.~ Age composition of

I3,015 herring in the Bristol Bay area during 1 76-77 indicated age 3
and 4 herring were abundant in 1976, and age 4~and 5 were prominent in
1977 (Figure 11). Male and female herring wer~
did not differ in size.

~ equally abundant and
t

The mean fecundity of “84 herring from Togiak was 25,350 ova with a
standard error 2,377 (Table 6). Since the fecundity samples were handled
in three somewhat different ways, each group was regressed separately
against fecundity so as to show possible individual variances (Figure 12).
Fecundity from 1976 and 1977 agree closely as mean fecundity figures
between the two years are within 2 percent (Tables 6 and 7).

Inspection of herring sexual maturity indicated that most were 4 and 5
years old at maturity and some matured during their third year, but
none during their second.
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~ol_2](J
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25?-250
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271-280
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291-300
301-310
3? 1-320

13.1 --
-- --
--

19.6
20.!)
23.7
25.9
26.3
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38.5
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6.80
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171-130
181-150
191-200
201-210
211-220
221-230
231-240
241-250
251-250
261-270
27]-280
281-290
2’31-300
3!31-310
311-320
321-330

-- --

.Q
131;:4

20.7
21.3
27.8
28.9
32.9
40.4
45.9
71.9
--

4:;0
7.03
5.92
4.03
4.88
2.12

8
12
8
7
2
1
3
2
0
0

:
0

--
-- --
-- --
-- --
-- -.

Mean 26.53 11.14 56
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Linear regressions of gonad weights to body length showed a positive
relationship (Figure 13).

Condition factors were determined for spring. and late/summer/fall
herring on 60 specimens from the Kodiak and Togiak areas. It was
determined that the condition factor is much higher for summer/fall
herring than for spring herring (Figure 14). It is felt that the
difference is due to the season and not to the different areas of
capture.

Capelin

Port Eeiden/}ieshik

~}>a~ning  capelin first appeared at this site on May 30, 1977 and
left on June 14, 1977. Mean body length and weight of the 108 capelin
was 144 mm and .21 gms respectively (Figures 15 and 16). Age of Meshik/
Port Heiden capelin was 2.1 years (Figure 17). Female and male
mean length were identical,

Togiak Bay

The 1,308 capelin captured averaged 136 mm long and 18.5 gms in weight.
Age results from 105 otoliths yielded a mean age of 2.1 years (Figure
18). Results show the males were larger than females (Figure 19).
Fecundity of 68 Togiak capelin ranged from 6,200 to 19$900 ova with an
arithmetic mean of 10,600 ova (Figure 20).

Iloreal Smelt

Boreal smelt were caught on the first day of sampling in 1977 (May 21)
and catches continued until the last day of sampling (July 4). Boreal
smelt averaged 155 mm in length and 21 gms in weight (Figures 21 and 22).
Scales of 175 specimens were examined resulting in a mean age of three
years (Figure 23). Mean lengths of females and males showed no appre-
ciable difference, the former being 154 mm and the latter 155 mm. A
total of 260 smelt foreguts were examined, and revealed that mysids
make up the predominant portion of the animal’s diet during spring
(Figure 24).

Scale topography of two different age classes was studied on 238 boreal
smelt. Three-year old boreal smelt showed two groupings in the number
of circuli before the initial annuli. Two-year old smelt did not form
two groups, rather a single one (Figure 25).

Eulachon

Small catches of eulachon between June 5 and June 29 at Meshik-Port
Heiden resulted in a mean length of 224 mm and mean weight 94 gms
(Figure 26). Age determinations from otoliths showed a mean age of 3.1
years (Figure 27). Mean male-female body length differences were slight,
with males being 223 mm in body length and females 227 mm. Fecundity
samples from six specimens yielded a mean fecundity of 41.9 thousand ova,
the range being from 34,000 to 57,000.
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Miscellaneous Species

A total of eleven miscellaneous species were captured incidently at
the Meshik-Port Heiden test site in 1977 as opposed to 15 at this
site in 1976 (Tables 8 and 9).

Table S. Miscellaneous species caught at Meshik-Port Heiden, 1976.

Dates Scientific Name Area Nean Number Numb e r Data
Length Sampled Caught Taken
mm

6/J3-7/10
5/16-7/10

Poroclinus rothrocki
Salvelinus sp.

Meshik
Mesh ik 231 fl

115
27 60 19 otolith

9 stomachs

2 otoliths
4 scales

otolith

2 otoliths

2 otoliths
otoliths
otoliths

6/6-6/19 Salvelinus  sp. Herendeen
Bay
Seal Island
Meshik

392 fl 5 12

6/23-6/24
6/5-7/4

Salvelinus sp.
Oncorhynchus  kisutch

377 fl
112 fl

81 85
26 -

6/5-7/3 Oncorhynchus
tshawytscha
Limanda aspera
Psettichthys
melanostictus

Meshik 86 fl 2-

Me shik
Mesh ik

192 fl
164 fl

1 -
1

5/21-7/4 Unknown Herendeen
Bay
Meshik
Meshik
Meshik

10/31-10/20
10/13-10/20
10/13-10/20

Isposetta isolepis
Poroclinus rothrocki

68 fl
216 fl
191 fl

12 -
7-
5-Myoxocephalus

polyacanthocephalus
Hypomesus pretiosus
Ammodytes  hexapterus
Eleginus gracilis
Limanda aspera
Hemitripterus bolini
Cottidae sp.

10/13-10/20
10/13-10/20
10/13-10/20
10/13-10/20
10/13-10/20
10/13-10/20

Meshik
Meshik
Meshik
Meshik
Meshik
Me shik

124 fl
162 fl
267 fl
166 fl
235 fl
268 fl

3-
2-
1 -
1
1-
1 -
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Table 9. Miscellaneous species caught at Meshilc-Port Heiden, 1!?77.

Dares Scientific Name Area Mean fK Number Numb e r Data
Length Caught Sampled Taken
mm

5/21-6/22 Liopsetta glacialis
Platichthys  stellatus
Poroclinus rothrocki
Pungititis pungitius
Enophrys claviger
Dasycottus setiger
Salvelinus sp.
Oncorhynchus

tshawytscha
Ammodytes hexapterus
Hexagrammos  sp.
Eleginus gracilis
Unknown

Meshik
Meshik
Meshik
Meshik
Meshik
Me shik
Meshik

Meshik
Meshik
Meshik
Meshik
Meshik

180
215
238

187
174
118

119
156
112
178

21
16
6
5
3
3
2

5

otolith

DISCUSSION

Herring

General Life History

Herring are a completely marine species of clupeid which -ture at age three
or four in the Bering Sea, and frequently live to be eight or more years of
age. Atlantic and Pacific herring have the same outward appearance except for
the position of the scutes* on the underside of the fish (i.e. in the Pacific
herring the scutes do not extend anterior of the ventral fins as they do in
Atlantic herring). Pacific herring were thought to spawn only along vegetated
nearshore zones in the spring, whereas Atlantic herring spawn either in
spring, fall or winter in deep water, offshore areas (Jones, 1968).

The distribution of the Pacific herring extends easterly in the Arctic Ocean
to Cape Bathurst on the coast of the Northwest Territory and westerly EO the
Kara Sea in northern Russia; the southern limit of their range appears to be
San Diego Bay on the North &nerican coast and as far south as the East China
Sea on -the Asian continent.

*scutes: A bony, chitinous external plate or scale, in this case scales on
the underside of the fish which form a dorsal line or protrusion.
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Discussion

Rumyantsev and Darda (1970) studied fecundity of herring in the Bering
Sea; our 1976-77 resu~ts are comparable to those found by these Russian
investigators. Multiple regressions were calculated on both 1976 and
1977 herring fecundity samples, tith variables being length, weight and
age. The results from this analysis were inconclusive. In previous
fecundity research, body length normally gives the highest correlation
in predicting relative fecundity (Nagasaki, 1958; Messieh, 1976; Pitt,
1965; etc.). Since our results indicated that gonad weight was related
to increased body length, one would anticipate fedundity increasing with
the latter parameter, but that proved not to be necessarily the case. Often
times the fish with larger gonad size prove to be less fecund.

The point in question, is that 1976 fecundity results completed by OCS
investigators in the Bering Sea agreed precisely with the previous fecundity
work completed on herring (Rumyantsev & Darda, 1970); also, increased body
weight correlated well with increased fecundity. In contrast to this, 1977
fecundity results showed a degree of variability as egg samples were pre-
served in different ways, as opposed to 1976 when all ovaries were fixed
identically. In 1977 collected gonads were frozen whole, then processed
later; immediately fixed in Gilson’s Solution, or immediately fixed with
methyl alcohol. It is suggested that if similar studies are undertaken
again, that identical methods of presemation be used on all herring gonads
c ollected.

Since the condition factor of spring herxing is lower than late summer or
early fall herring, an oil spill in the fall would find the animal in a
robust condition with much stored body fat, i.e. able to go long periods
without food. In contrast, late winter, spring or early summer impact
would catch the animal at a low point in respect to body condition. Hence,
a spring oil spill presents the greatest risk because herring are in the
nearshore areas spawning, are in a weakened body state and probably would be
unable to migrate long distances (to avoid an area of impact) without food.

Pacific herring are generally considered to return to the same spawning
location each year (Jones, 1968). Our aerial surveys in 1977 showed a
failure of the herring “run” in the Port Moller-Herendeen Bay area. In
1976, numerous schools of herring spawned in that complex. This complete
“no show” of herring in this system could be due to one of the following
reasons: 1) total fishing and natural mortality of all age classes, 2)
the herring from this complex skipped spawning, staying at sea to feed, 3)
the herring from this complex migrated to another area to spawn, 4) these
herring spawned in deep water, and 5) the herring spawned in April immediately
after “ice out”.

Aerial observations were intense in this area between the latter part of
April and July 20 of 1977. During that time, OCSEAP obseners made seven
aerial surveys of the area, ADFAG management aerial observers made
six aerial surveys, and private obseners made another half dozen surveys
of this area, as commercial interest in herring stocks in 1977 was high.
It is because of these numerous surveys over a long time period, combined
with the fact that surveyable quantities couldn’t enter the system without
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being sighted, that the authors conjecture the herring simply ciidn~t appear
in 1977 or that they spawned unusually early. Although April spawning has
not been noted in this area before, unusual climatological  factors make
early spawning a matter which must be considered. The winter of 1976-77
was the mildest on record in Alaska. In view of this, combined with the
fact that Bering Sea herring normally enter their spawning grounds just
after “ice out” (Barton, 1978), makes April spawning a theoretical alternative.

Herring were present on the spawning gqounds for an entire month at the
Meshik-Port Heiden sampling site in 1976s and for almost three weeks in
Herendeen Bay. When the herring first arrived in Port Heiden, foreguts
contained mysids, and herring were feeding daily. Soon after, foregut
examination revealed that t>ey ceased feeding, and gonad development
changed from a gonad index of IV to VI in a matter of ten days.

Herring schools in the area of spawning were actively fed upon by numerous
predators. Harbor seals, Phoca vitulina, were the most common form of
mammalian predator, and caused schools to be in constant ~aamoeba-like~n
motion as they attempted to avoid the predation of the seal. B%rds were
another common predator. The species of bird feeding indicated the type
of forage fish present, and some aerial observers. were careful to note
which type of bird was feeding on a school. Larids of the species Rissa
tridactyla  (Black Legged Kittiwake), Larus glaucescens, (Glaucous Winged Gu 11),
and to a lesser frequency Larus canus~ (Mew or Short Billed Gull), were most——
comconly seen in conjunction with forage fish, as well as terns, mainly Arctic
. ..ns. Sterna paradisaea.T.. Terns and kittiwakes are thought to be poor preda-
tors of spawning herring due to these bird’s small size, while glaucous winged
gulls and mew gulls may consume many herring during a single feedin~. Often
gulls were a good field indicator of sch-ools for forage fish and observers were
continually on alsrt for aggregations of feeding birds. Birds fed extensively
on beds of herring spawn, and at low tides their activity was a good indicator
of roe presence.

Needs for Further Study

The najority of data obtained during this study pertain to herring. As this
species is receiving more and more pressure commercially, questions are being
posed in regards to stock composition, range of distribution, migration routes,
and what the potential effect petroleum related activities may have on all
these things. These are subjects which we know very little about.

Fecundity studies have been often discussed as possible mean of population
identification. Hodder (1972) also mentions that fecundity studies are impor-
tant in “determining the relation between spawning potential and recruitments.

TO fully understand this parameter, fecundity sampling needs to be greatly
increased to include a larger sample of the whole population, Fecundity
methods need sophistication (see Appendix B); investment in automatic counting
devices might be considered in order to eliminate this very tedious task
(Boyer, et. al., 1967), and standardization of ovary collection must be
accomplished. Field tefi”nicians must be fully aware of the importance of
proper collection and prese~ation  of fecundity samples. It is essential to
have biological sampling start well in advance of the commercial fishing
season and continue well beyond its completion to fully examine the develop-
mental stages that the herring proceed through. Much work has been done on
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the identification of herring maturity stages, but little is know about
how long it takes the fish to advance from one stage to another.

Capelin

General Life History

Capelin, Mallotus villosus is a widely distributed mrine smelt which occurs
in the boreal and arctic regions of the Atlantic and Pacific oceans. It iS
used extensively in the North Atlantic as a food and meal fish and harvests
sometimes exceed a million metric tons (Jangaard, 1974). They spawn in the
surf during spring on beaches and local residents harvest them at this time
for domestic use. Male capelin, in both oceans, are larger and more robust
in appearance than females, the former also having a distinctive “hairy”
ridge along their lateral line, hence the specific name, villosus, which
means hairy sided.

Discussion

Capelin are a short lived high productivity forage fish rarely exceeding
three years of age. Most attain maturity at two years, and all mature by
age three. The first year and a half of a capelin’s life is spent in a
larval state, as they do not metamorphose into the adult form until the
middle of their second year of life (Templeman, 1948; Winters, 1966).

When adult males attain maturity, extreme body changes take place until in
appearance they are quite different than females. These changes take place,
it is supposed, immediately prior to maturity (Templeman, 1948). Prior to
spawning, adults segregate by gender int”o schools (Pitt, 1958). At spawning
capelin approach” a suitable beach, spawning in a peculiar and characteristic
way. Notes from direct observations by the junior author at Pillar Creek,
Monashka Bay, near Kodiak City best describe the phenomenon.

(My observations began) . ..high tide was at approximately 2:00 a.m.
and the weather was overcast, with an ambient temperature of approxi-
mately SO degrees F; there was a slight offshore wind. Male capelin
began to appear in the surf an hour before high tide and became increa-
singly numerous with each wave. The surf was checked carefully for
females, but none appeared until the highest wave, which then carried
in hordes of capelin. The spawning of these fish was just as specta-

““cu”lar as Templeman (1948) and Jeffers (1931) described and in my view
is typical: with a wave of optimum height immediately at high tide,
the fish swarmed onto the beach; it was obvious that female capelin
definitely pair up with one or two males to spawn. Often with two
males on each side of her, pinning her thusly. After spawning many
hundreds of fish were stranded above the high tide mark, unable to
return to sea. Of those sampled from stranded schools less than one
in a hundred were female. Even in the sample of 100 fish taken in the
surf for biological measurements I found only a dozen females, indicating
to me that more females were yet to come onto the spawning grounds.

47



Templeman (1948) states that intiense spawning occurs on beaches composed
of pebbles between 0.5 to 1.5 cm in diameter. During field obsemations
it was noted that sand on pillar Beach, though no! densely packed, was
sandy in texture as opposed to the coarse pebble-like consistency indicated
by T.ernpleman. When spawning grounds were revisited a week later to obtain
egg samples, none were found at the high tide mark where spawning occurred,
but approximately two meters seaward from the high tide mark in coarser
textured substrate, eggs were quite densely deposited.

Capelin spawning run timing is tied to a high tide phase in the mid-spring
of the year, usually late Flay. what general mechanism enables the fish to
detect the appropriate high tide phase is not known, yet certain meteorological
factors concerning spawning do play a significant role. Offshore, rather
than onshore, winds are an important factor for spawning capelin, to the
point where they will not spawn if such a wind does not-prevail.  This had
been noted by other observers (Winters, 1966; Campbell, 1973), ‘and was also
noted during this study. Anecdotal evidence from Aleut natives from the
Meshik-Port Hei.den area also supports this observation, as experienced o’der
natives told investigators that the direction of the wind decides if t:;ere.
will be a capelin r-un that night, i. e. that they require an offshore win~~
in which to spawn in appreciable numbers. Winters (1966) states that an
offshore w~nd might allow the welling up of the colder water$ thereby
decreasing the water temperature and size of the waves. Proven reasons
for the capelints need of an offshore wind do not exist in the literature.

Deep water spawning$ although not as frequent as beach spawning, has been
reported in the Atlantic (Pitt, 1958; Templeman, 1948; Winters, 19661. During
1976-77 OCSEAP aerial surveys, capelin were often observed and photographed
“digging” along nearshore subtidal areas and in fact this behavior became
a field index to the presence of the species for aerial observers. It is
not known whether this digging is in fact pre-spawning or spawning behavior,
but presence of ripe male and female capelin With empty foreguts in the area
suggests that this behavior is associated with spawning. Deep water spawning
is yet an unknown factor in the spawning ecology of capelin along the north
coast of the Alaska Peninsula.

After deposition, capelin eggs wash below the high tide zone where they had
been deposited and become buried up to 150 to 230 mm in rock/gravel substrate
averaging from 0.5 mm to 5 mm in diameter. Hatching takes place in widely
varying time spans depending on temperatures although hatching times along
the north coast of the Alaska peninsula did not exceed two weeks, with 8 to
10 days being a minimum. After hatching the larva drift in the nearshore zone
during the summer months and remain there until winter temperatures force
them closer to the bottom (Templeman, 1948).

Windrows of dead capelin after spawning have often led observers to assume
that capelin die after spawning, when this in fact is not the case. Evidence
obtained by the senior author proves that capelin do liv@ to spawn again as
female capelin with retained and developing ova were found in mid-summer
following spawning. These capelin had been captured in otter trawls. Recent
findings support this result (Warner, and Dick, 1980, report in progress) as
over a hundred post spawning males were found in commercial trawls, with full
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foreguts. Templeman  (1948) reports occurrences of three “generations” of
eggs in one female which indicates multiple spawning in Atlantic capelin.

Comparison of our fecundity at size results with Templeman’s indicates
Atlantic capelin to be 50 percent more fecund at size. After examining
Templeman’s findings on Grand Banks capelin one can see that the Atlantic
capelin is both larger and much more fecund than those we examined frouc
the Bering Sea. Other works on Atlantic capelin reiterate this fact
(Hart and McHugh, 1944; Winters, 1966). The Atlantic capelin show a mean
fecundity of 32 thousand eggs (Templeman,  1948) while our Bering Sea
results showed a mean fecundity of 16 thousand ova per female capelin.

Needs for Further Study

Capelin research in the Pacific is sparse. Further research into
spawning activity and migration patterns of the capelin is needed
in view of the growing commercial interest in capelin.

Capelin are known to occur in phenomenal numbers at spa=wning time,

the
especially

yet little
is known about them in the Pacific after and before spawning occurs; especially
as to overwintering demands and post-spawning migration.

Eulachon

General Life History

Eulachon are the most commercially important member of the smelt family
in the North Pacific. They are an anadromous smelt, living entirely in
the marine environment until spawning. Then they ascend rivers, sometties
many miles, to spawn. Their high body fat content gave them the name
“candlefish”, as the dried adults may be lighted and burned like a candle.

Eulachon have been harvested both commercially and domestically for over a
hundred years. They are marketed under the trade name, ~’Columbia River
Smelt”.

Spawning Ecology and Spatial/Temporal Distribution

Eulachon appear to ascend river systems to spawn during their second through
fourth year of life, and do repeat spawn in some instances. The ageing of
eulachon from scales proved unsuccessful, as they absorb the outer margins
of scales prior to spawning, rendering them unreadable (Smith and Saalfield,
1955; Warner and Dick, 1980 report in progress).

Little is known about the eulachon’s high sea cycle. Presumably the eulachon
in the contract area descend into the marine system immediately after hatching
as they do in the Columbia and Fraser Rivers (Hart and McHugh, 1944; Stith
and Saalfield, 1955). A sample of 178 immature eulachon were taken at sea
by trawlers in the Kodiak area; results indicate that one year old eulachon
were immature. Hart (1973) mentions that there is an indication of repeat
spawning in eulachon, and 1979 observations in the Kodiak area reinforce this
supposition, i.e. female gonads indicated they were formed subsequent to
previous year’s spaw@.ng.
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Anecdotal information was gathered from local residents in the Alaska
peninsula region. This information further reinforced by documentation
of historical runs of eulachon (see Appendix A) indicates that eulachon
populations are highly cyclic, often reaching extraordinarily large
populations then “crashing” until they reach a contrastingly low density.

It is because of these and other accounts, that the authors believe these
fish are significantly more important as a forage fish than our catch
results indicate. Indeed in some years they might conceivably be the most
numerous forage fish species in the southeastern Bering Sea. Several
accounts by local natives indicate that Bear Rivers Sandy River and the Mes’nik
River had or haVe large runs of eulachon. It is important to note that even
dcriag years of low abundance, this species of forage fish has a documented
high po:,’ntial which strongly indicates a significant level as food fish.

Needs for Further Study

Other than a few catch statistics from British Columbia and the basic 1-:..<<.
history facts outlined in Hart’s “Pacific Fishes of Canada”, and Hart and
McHugh (1944) ‘The Smelt of British Columbia’ti, very little information, was fr:. 7

on the occurrence, biology and distribution of this fish in the North Paci:i(. ,
let alone the Bering Sea. Tn view of the total lack of current knowledge
on this species further research is sorely needed.

Boreal Smelt

General Life History

Soreal smelt are anadromous, and they were originally classified by Linnaeus,
and remain the archtype for the Osmeridae. Their distribution is circumpolar,
rarely extending south of boreal regions. They ascend large river systems
to overwinter, often migrating distances exceeding a thousand kilometers from
the ocean, such as in the Yenisei River in Siberia (McPhail and Lindsey, 1970).
At the end of each-winter, stocks of boreal smelt spawn in tributary streams
to large rivers immediately after “ice outq’ (Baird, 1967), then migrate into
estuarine  systems to feed until early autumn when they again ascend the river
to overwinter (Hart, 1973).

Age

Boreal smelt in the Meshik-Port Heiden area were usually in their third
year of life when sampled, although smelt from one to six years of ~ge have
been aged. Otoliths proved slow to process, and the confidence which both
authors have in this method is low. Boreal smelt otoliths are large, in
fact, so large they can be weighed with a balance and the figures then prQ-
jected onto a Peterson graph where modes clearly indicate age groupings
(Barton, Warner, and Shafford, 1977). By contrast, the mounting and reading
of smelt scales proved rapid and easy. Some investigators of boreal smelt
‘nave mentioned they do not “put on” their first annulus until the end of
their first year (MacKensie, 1958), yet when reading the scale it was observed
that often the first annulus was directly in the nucleus of the scale or in
contrast to this, six to eleven circuli distant from the nucleus. It was this
feature which caused a discrepancy in the age values of the two readers. This
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obvious variance in the locus of the first annulus led the authors to
investigate the scale topography of boreal smelt in depth, much in the
manner that was used on capelin by Russian investigators (Prokhorov,
1968). Several references on this species indicated it has been knoim
to have “double” runs on the Atlantic coast (Baird, 1967). The authors .
hypothesized that boreal smelt at Meshik-Port Heiden could be spawning ,
twice a year, the same individuals not spawning more than once in a
single year. In short, there might be an “iceout” spawning run and a
fall or late summer spawning run. Since late spawners would have a very
brief growth period after hatching prior to their first winter, the
annulus would logically be centered or absent on the scale. In the case
of spring or “iceout” spawners, these fish would have 90 to 100 days of
growth prior to their first winter.

Spawning Ecology and Spatial/Temporal Distribution

The residents of the Bristol Bay area hamest this species throu~the ice
when it is present in large river systems; it is used by both natives and
non-natives as a subsistence/sports fish. Since boreal smelt are present
in large numbers near the mouths of the Naknek, Egegik and Meshik Rivers,
it is assumed to be of critical importance as a forage fish. Forty three
percent of all forage fish caught at the Port Heiden test site in 1976 were
boreal smelt, and-they comprised 70% of the total catch at that site in
1977* Even during years of good herring abundance (such as in 1976) boreal
smelt are the most numerous forage fish at this site. The authors have
ob&}ened that boreal smelt seem to be most successful in river systems
which have an expansive estuarine systemn-  at their mouth, in contrast to
rivers which empty directly into the ocean with little or no estuarine
tidal systems (i.e. Bear River, Sandy River).

It is hypothesized that boreal smelt, although migrating out into the marine
system, stay within the estuarine system and perhaps only intermittently
subject themselves to the rigors of the high seas predation. The reason
the authors lean towards this hypothesis is that in 1976 during the cruise
of the M/V PAT SAN MARIE, very few boreal smelt were caught in mid-summer
(Bartlett, personal communication). At one time, it was thought that boreal
smelt were present in large numbers in the southeast Bering Sea as investi-
gators had given anecdotal evidence of their presence in trawl catches.
Upon detailed examination, these fish were found to be juvenile eulachon,
which are commonly confused with boreal smelt by professionals and laymen
alike*. Hence, the authors wish to identify boreal smelt as being a species
of the stuarine habitat.

Boreal smelt do not mature until their second or third year, and the numbers
of recovering smelt which survive spawning indicates they may live to spawn
twice, or even three times. In 1976, most of the smelt were either spawning
or had spawned, while in 1977 almost 90% were immature. This is due to the
fact that 1976 sampling activities began prior to or during the onset of
“iceout” spawning, whereas in 1977, due to the mildness of the winter, “iceout”
occurred. in early March of the year. Since sampling activities did not begin

*JuVenile eulachon appear much different than mature fish of this species.
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until late May, the spawners had migrated into the open estuary and were
not present in large numbers at the Meshik-Port Heidez test site. Boreal
smelt in 1976 were found feeding while in a spawn ready condition. As
the season progressed, this condition occurred less frequently until all
fish found were “spent”. This indicates that, even at iceout,’bor%d
smelt do not spawn all at once, but do so gradually over a period of time,

Needs for Further Study

Boreal smelt are a numerous species of which little is known. We have
determined the possibility of there being a second summer run in the I+%shlk
River system. An attempt was made in October of 1977 to document the occLlr-
rence of a second spawning run of smelt. Due to the extreme cold water
conditions (1° to 2° C) in this system this fishing effort yield+nd  only a
single boreal smelt in three days. In 1976, a similar attempt was made at
exactly the same ‘time “of year, and one hundred boreal.smelt were c~ught
while water temperatures of 6° - 8° C prevailed at Port Heiden. Boreal smelt
were found to be in recovering spent* condition which indicates only that.
they had spawned previously, but giving no indication of when their s~aw,:,i:g
took place.

Perhaps the best approach would be to cont”inue the spring field season far
enough’into the summer (perhaps into August) to afford sampling these fish
over a greater time span. An earlier start of the field season would yield
greater numbers of boreal smelt before their,migration into the estuary to
sp~wn. The temporal demands of boreal smelt appear depend?nt on iceout in
thq river system which they spawn, yet t-o how great an extent is not known.
In any case, the time of their occurrenc-e  in the bays would definitely vary
from year to year due to the varying severities of winter conditions.

Another aspect which needs continued documentation is the rate and amount
of circuli laid down on scales prior to the first annulus. Extensive research
was done on this subject in 1977 and it was from this work that the possibility
of a second run of boreal smelt was hypothesized.

Aerial Surveys

Fewer schools of forage fish were seen along the north coast of the Alaska
Peninsula in 1977 than 1976 when 649 schools of forage fish were obsemed.
At Port Moller-Herendeen  Bay no kpawning herring were observed in 1977.
Aerial obsenations along all areas failed to sight any windrows of dead
capelin, an occurrence which was frequent in 1976.

Forage fish form dense ball shaped aggregations for protection agahat
numerous predators, hence they are easily spotted from the air, but highly
unpredictable to catch. Frequently the senior author observed large schools
of spawning and pre-spawning herring from the air that werepresent in the
immediate area of a surface camp, but none were captured there. During day-
light activities, herring schools were obsez=d passing unharmed under mono-
filament gill nets. On a single occasion, a school of herring in excess
of 30 meters in diameter passed through a 25 meter long gill net without a
single fish being captured. In short, zero fishing results were not indicative

. . . . .

*This being Stage VIII of the Gonad Maturity Index - See Appendix.
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of the presence or absence of fish in the area being sampled. Ground crews
in 1976 had difficulty catching herring. The primary tactic to ensure
catches was to place experienced crews in areas where schools were sighted.
When poor results were encountered by ground crews, aerial surveys were an
expeditious method by which to reaffirm fishing results. Aerial surveys are
the best means by which extensive sections of coastline may be surveyed in
a very short period of time.

Needs for Further Study

The primary problem with aerial survey data in both 1976 and 1977 was the
inability to positively identify the species composition of schools seen
without surface verification. Consequently, subjective methods had to be
utilized: 1) obsenation of fish carcasses on the beach (in the case of
capeli.n)~ and 2). careful notation of the habitat type where schools were
observed, (Herring require rocky shores with sudden .rising essa~ment,
whereas capelin require open beaches with sandy/rocky substrate..) ‘Further
studies must be aimed at clarifying this problem. Use of acoustic and
airborne laser methods for species identification should be explored.

Water Temperature And Salinity

Water temperatures are variable in some nearshore areas of the study area.
As can be seen, extreme fluctuations occur within a close time period, This
was especially the case in the Meshik-Port Heiden area. Port Reiden Bay is
shallow and subject to extreme tidal variations, causing thorough mixing “
twice daily. Water temperatures in Togiak Bay were more stable than those
in Meshik-Port Heiden because of the dee>er water and less brackish conditions.

Herring first appeared on the spawning grounds at Port Heiden Bay in 1976
when the temperature was 6° C. In 1977, herring appeared in the Togiak
region when the temperature was also approximately 6°. Onset of colder
temperatures can affect forage fish movement and migration. In the fall
1976 OCSEAP invest~gators caught over a hundred specimens in Port Heiden
Bay, tiereas in 197~”- precisely one year later - only a single specimen
was captured. This was probably a direct function of water temperature,
in 1976, fall water temperatures were between 7° and 8° C, mile in 1977
they ranged from one to two degrees.

of

as

Salinities taken.for this study were determined by the use of a sodium
chloride hydrometer. Although this instrument is portable and easy to we,
it’s accuracy is limited. Essentially, it reliably determf.nes if the water
sample is fresh, brackish, or of full sea water strength. Salinities ~re
erratic at Meshik Beach and greatly affected by the magnitude of the outflow
from the Meshik River and the daily tidal variations. In Togiak, salinities
always remained nearly at full sea water strength throughout the 1977
spawning season. Catches from all areas didn’t readily appear to be affected
by variances or non-variances in salinity.
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Miscellaneous Species

The Meshik-Port Heiden sampling site displayed, by far, a wider variety
and abundance of non-forage fish species than df.d”the Herendeen Bay site.
This area is rich in potential and utilized finfish and invertebrate
resources. In the early summer and late spring it is the location of a king
salmon fishery$ hanested by local residents. These king salmon ascend the
Meshik River to spawn and are followed in June by a sockeye run in the Meshik
River which supports a set net fishery. In the fall of the year a smaller
salmon fishery exists in the area, yet besides these finfish, results indi-
cate an impressive array and abundance of other species of finfish, the most
abundant being charm Salvelinus ~.. Commercial quantities of anadromous
char are resident throughout the Port Heiden-Port Moller area. They were
the most numerous non-forage fish species and they were caught in large quan-
tities by commercial fishing activities. Large starry flounders (over 40
cm) were caught by tie hundreds in subsistence and commercial set nets in
the Port Heiden area during .June, July and August of 1977.

‘Few non-forage fish species were caught in Herendeen Bay. lt iS hypothesi~..i
that the lack of an extensive estuarine system in this immediate area accounts
for this lack of non-forage fish species. Herendeen Bay, as opposed to th~t
muddy waters of Port Heiden,.’is a clear salt water bay.

The Neshik-Port Heiden sampling site was located on a beach which was rich
in invertebrates of potential commercial importance, and some (such as isopods)
that aren?t. This beach offers excellent habitat for sott shell clams of the
genus=. The clam density at this beach averages approximately 25 to 40
‘eshows” per square meter. Field workers have frequently noted the strong
aroma of sulfur dioxide emanating from the beach substrate, arid numerous dead
clams were found.

Large quanititi.es  of crangonid shrimp and mysids populate Port Heiden Bay
and natives frequently hanest them with small mesh seines. A hundred to
a hundred and fifty kilogram catches of shrimp harvested i.n this manner have
been witnessed.

Needs for Further Study

Although evidence from other disciplines indicates the presence of large
quantities of sand lance (Sanger, 1977; Dick, personal communication) only
three specimens have been captured in the two years of research by this
agency in the Bering Sea. Trumble (1973) included quite a comprehensive
summary of what is known of this species in the North Pacific Ocean in his
MastersP Thesis on underutilized fisheries in Eastern North Pacific. OCS
researchers in the Cook Inlet/Kodiak area have been successful in catching
these fish with beach seines and surface tow nets (Blackburns 19$0; Warner
and Dick 1980). So ltttle is known about sand lance in our current study
area that’.any research effort concerning it would be beneficial. They have
been found to be important food for sea birds (Sanger and Baird, 1977) and
for fur seals along the Aleutian Islands (Trumble, 1973). Therefore, the
ecological importance of the fish in the food chain is justification for
further research on the basic life history of sand lance in the Bering Sea.
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Overall Discussion

To better understand forage ”fish, additional research must be completed.
During the past two years this R.U. has raised tiny more questions than
it has answered.

The possible impact of oil related activities on forage fish cannot be
predicted with any accuracy since the effects of crude oil and/or refined
oil products are virtually unknown in regards to Pacific herrings capelin,
boreal smelt and eulachon. In addition to the actual products/byproduct
itself, oil exploration and drilling activity has the potential of be-
coming extensive in the contract area and its effects upon forage fish are
unknown at this time. Because of the speculative nature of this subject,
therefore, the authors urge great caution be taken in any developmental
aspect in the Bering Sea.

CONCLUSIONS

1.

2.

3.

4,

5.

6.

7.

8.

9.

10.

11.

Capelin are a major forage fish in the Bering Sea nearshore area,
in some years reproducing en masse along the beaches to the extent
where windrows of trapped capelin .5 to 1.3 meters in height may be
seen along miles of open beaches.

Capelin spawn offshore and onshore in the Bering Sea, not limiting
themselves to the intertidal area.

Capelin in the study area are only half as fecund as those in the
Atlantic.

---—
Capelin occur on their spawning grounds for periods exceeding two weeks.

Surf smelt occur in the Bering Sea.

Boreal smelt are the dominant forage fish in the Meshik/Port Heiden
estuary, being active there between May and July.

Boreal smelt show two patterns of scale topography which indicate
variances in spawning and/or habitat patterns within the same
population of fish.

——..
Capelin and boreal smelt are able to spawn more than once.

Herring age composition in the Bering Sea area contained two strong year
classes during 1977 studies.

Herring utilize Port Heiden for spawning.

More forage fish schools were seen north of Cape Constantine by
aerial observers than on the north coast of the Alaska Peninsula.
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12 ● Aerial surveys are able to determine relative abundances of
forage fish, though species composition of sighted schools cannot
be determined.

13. Water temperature and salinity changed considerably during brixf
time periods at Meshik-Port  Heiden, and forage fish spawning took
place during, after and before these changes.

/.=.
.z --

,
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—--—----  _____
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APPENDIX A

AN UNUSUAL SMELT RUN AND ITS POSSIBLE EFFECTS ON RED SALMON ESCAPEMENTS. —  —. .  . ..—

INTO THE BEAR RIVER SYSTEM IN 1959— —  — —  —— .

The Bear River red salmon system received an unusual
population of what was determined to be eulachon smelt in

and heavy spawning
1959. The Bear

River spawning system consists of the headwaters of the lake, the lake
shore, and the river which flows into the Bering Sea.

The timing of the smelt run coincided with the expected red salmon
run throughout the month of July. Red salmon failed to ascend the river
despite their abundance off the mouth of the river and in the offshore
waters.

The vast size of the smelt run, its timing in conjunction with the red
salmon run, and the subsequent demise of the spawning smelt could have re- -

suited in an avoidance reaction by red salmon to enter the river in usual
numbers, and also could have produced a temporary pollution condition in
the stream.

The first aerial survey of Bear River was made on July 7th. The survey

revealed the presence of an abnormal number of fish in the stream commencing -
from the juncture of the Milk and Bear Rivers to the entrance on the Bering
Sea, a distance of approximately ten milks.

A second aerial survey of Bear River was completed on July 10th. The
fish population in the stream had increased considerable since the previous
survey on July 7th. It was estimated that the ten mile concentration num-
bered from two to five million fish or more. A low level flight revealed “
many fresh carcasses along the stream banks and also indicated the fish were
probably a species of smelt.

A Super Cub was chartered from Sand Point on July llth, a-rid a landing
was made on one of the numerous gravel bars in the river. It was a simple
matter to reach in among” the mass of fish to obtain specimens for identif-
ication of the species “of smelt. The specimens were identified as eulachon
smelt, and several samples were frozen for shipment to Juneau for corro-
boration of the field identification. Carcasses had increased considerable,
although fresh smelt were still entering the river. A landing was also
effected at the mouth of the river the same day. The dead carcasses were
approximately eight to ten inches deep along the entire shore, and liter-
ally hundreds of thousands were lying along the banks of the stream.

The stream guard stationed at the mouth of the river stated the run had
commenced about a week before the first suwey which would place the entrance
date at approximately the first week in July.
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A third survey on July 15th revealed
terminated. The banks of the stream were
particularly in the lower sections of the

the run had peaked and was
covered’with dead smelt, but
river.

The stream guard reported the water had become badly polluted from
the decaying carcasses, and also stated his drinking water was so badly
contaminated that it was unfit for drinking purposes even after having
been boiled. Water purification tablets were of little benefit.

Several fishermen reported at a later date that the ocean bottom
in the offshore waters was covered with decaying smelt carcasses, and that
the water was quite odiferous  in the general area, and also that their nets
were continually fouled. up with the glue-like mass of decayed flesh.

The phenomenal size of the smelt run was discussed with old-time
local residents, cannery personnel and perennial fishermen of the area.
Everybody expressed surprise over the development in the Bear River, and
could not offer any knowledge of smelt runs in past years. It may be
possible that smelt rums did exist in Bear River in the past, but in such
small numbers that they were unobserved.

\.

. . .
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APPENDIX B

FECUNDITY PROCEDURES

1. Take gonads in ~respawning  condition, i.e. no further along in
maturity than Stage V; “Gonads fill body cavity. Eggs large, round;
some transparent. Ovaries yellowish, testes milkwhite. Eggs and sperm
do not flow;- but sperm can be extruded by pressure”. This stage passes——
into Stage VI which is when both “eggs and sperm flow freely”. If ovaries
are taken in Stage VI, there is too much of a chance of getting partially
spawned out fish, thus erroneous egg counts. Another precaution is if
there is doubt as to what stages the ovaries are in, check the posterior
portion of the skein for membrane degeneration; if the membrane is
intact, take the skein.

2. Preseme immediately in Gilson’s  Fluidl in ylastic ~-jars,
NOT Whirl-a-pak bags. The bags have been used in the past and have proven
to leak. Leaking Gilson’s fluid can be a serious problem!

3. Before beginning egg counts, decant Gilson’s fluid and place in
Lugol’s Solution2 for 24 hours. This will remove mercury from sample and
decrease chances for allergic reaction to anyone working in and around
the eggs.

4. Wash under running water or shake in jar until eggs are well
separated. Strain through a wire mesh sieve, (careful of the size diameter
opening!) lay out on paper toweling in petri dishes to drain adequately.

5. Place petri dishes of eggs in laboratory oven @ 60° C for 12 to 18
hours until eggs are entirely dry. Do not let them get dark brown and
brittle.

6. Place samples in envelopes; seal.

lGilson’s Fluid (Mueller, 1972): 88 mls H O; 10.Q mls 95% ethanol (must be
ethanol); 2.0 gr mercuric choloride; 0.4 ml glacial acetic acid; 1.8 m
concentrated nitric acid. This solution is very good for breaking up
membranes and is used widely for ovary preservation. It is, however,
extremely toxic and corrosive. It should be used with caution. In hand-
ling preserved specimens, plastic gloves should be worn as some people
find themselves extremely allergic to the mercury. It will attack metal,
therefore, it should be stored only in glass or plastic containers.
Mueller suggests that specimens be placed in LugolVs Solution (see footnote
#2) for 24 hours to remove the mercuric chloride and then be transferred
to water wash.

2Lugol’s Solution: 1 gr potassium iodide, 0.5 gr iodine. Dissolve in 3 mls
of H O, then dilute to 50 mls.
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7. Count out three subsamples for 250 eggs ‘each, and weigh on a
Mettler analytical balance to nearest .1 mg. Weigh whole sample to
nearest .1 mg; calculate mean weight of 250 egg samples and figure
fecundity by direct proportion.

8. A test run of ten subsamples per one individual should be done
to show reliability. If two counters are involved, each should do a test
run. This gives an indication of the reliability of your counts.

Some Special Notes and Precautions:

1. A grid syst~ could be used for counting, such as a piece of
heavy graph paper laid in the counting dish to avoid duplication and
possibly ease eye strain.

2. It is possible that a dissecting scope or a very fine quality
magnifying glass on a stand could be used to look through while counting
the eggs.

3* Paper cupcake cups were used to hold each subsample as well as
whole samples of dried eggs in the weighing process. Eggs and cup are
weighed first; eggs dumped into whole sample cup and then paper weighed.
Care should be taken in dumping eggs to ~void spillage and to be sure all
eggs are evacuated before paper weight is recorded.

4. This author highly recommends a break in routine so that counters
do not become fatigued. For example: Egg weights done for two days,
calculation one day$ then back to egg counting. For this yearvs egg counts
it took two persons a full seven days of steady counting and weighing to
complete the process. (This was to do 161 fecundities.) As canbe seen,
this is a very tedious and lengthy process, yet if your results are to
be reliable, care should be taken to not push oneself too greatly during
this stage of the game. Eyestrain is inevitable for either the counter or
the weigher (using a Mettler analytical balance) and headaches may develop.
Obviously efficiency and data reliability decreqse with physical strain.

5. Mettler analytical balance is a delicate scientific instrument.
One should be trained in its use by an experienced person. Ideally, it
should be used in an enclosed room Where people are not constantly coming
and going. (So delicate is the mechanism that a person walking across the
floor in its immediate vicinity can alter the reading!) Care should be
taken to rezero balance frequently during a day’s weighing procedures and
to keep the inside compartment clean at all times.
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APPENDIX C

Characteristics utiIized to determine maturation stages of herring and
assign maturity index n~mbers, Cape Sarichef to Smokey Point:
September, 1976 - 1977.

April -

Maturity
Index Key Characteristics

I Virgin herring. Gonads very small, threadlike, 2-3 mm
broad. Ovaries wine red. Testes whitish or grey brown.

II Virgin herring with small sexual organs. The height
of ovaries and testes about 3-8 mm. Eggs not visible
to naked eye but can be seen with magnifying glass.
Ovaries a bright red color; testes a reddish grey color.

111 Gonads occupying about half of the ventral cavity.
Breadth of sexual organs between 1 and 2 cm. Eggs small
but can be distinguished with the naked eye. Ovaries
orange; testes reddish grey or greyish.

IV Gonads almost as long.as body cavity. Eggs larger
varying in size, opaqu-e. Ovaries orange or pale
yellow; testes whitish.

v Gonads fill body cavity. Eggs large, round; some
transparent. Ovaries yellowish, testes milkwhite.
Eggs and sperm do not flow, but sperm canbe extruded
by pressure.

VI

VII

VII I

Ripe gonads; eggs transparent; testes white; eggs
and sperm flow freely.

Spent herring. Gonads baggy and bloodshot. Ovaries
empty or containing only a few residual eggs. Testes
may contain remains of sperm.

Recovering spents. Ovaries and testes firm and larger
than virgin herring in Stage II. Eggs not visible to
naked eye. Walls of gonads striated; blood vessels
prominent. Gonads wine red color. (This stage passes
into Stage 111).

ll?rom in house works;
Noberly, no year.

Data Collection Procedures for Herring, by Stan
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I. SUMMARY OF OBJECTIVES, CONCLUSIONS AND IMPLICATION WITH RESPECT TO
OCS OJ.L AND GAS DEVELOPMENT

A. The objective of this study was to measure effects of crude oil
contamination on sea otters through studies on the changes in the animal’s
physiology and behavior before and after contact with oil. .4 second objective
was to attempt to rehabilitate the otters after crude oil contamination.

B. Conclusions:

The study has shown that small amounts of crude oil contamination have
large effects on the metabolic rate of sea otters. Light oiling of appro-
ximately 25% of the animal’s pelt surface area resulted in a 1.4X increase
in metabolic rate while immersed in water at 15°C. Furthermore, when the
oil was removed by detergent, the animal’s metabolic rate increase 2.1X
while immersed in water at 15*C. Of the three animals studied, two
contracted pneumonia and one died. Studies upon free ranging sea otters
have established that under certain conditions, sea otters can sustain low
levels of oil contamination when 20% or less of the body surface is oiled.

c . Implications:

Any contact with oil at any time of year would have a profound influence
on the health of individual sea otters through increases in the animal~s
thermal conductance and the subsequent increase in metabolic rate. lt is
probable that death may follow from pneumonia or hypothermia depending upon
the amount of the animal’s fur fouled. Rehabilitation of oil-fouled sea
otters would be very costly requiring holding facilities to keep the animals
for at least two weeks. Even if adequate facilities were available, the
success rate of rehabilitating oil-fouled sea otters is likely to be rather low.

11. IN”I’RODUCTION

4r. General Nature and Scope of Study

This project represents an extension of studies that began with the
investigations of diving and feeding behavior, and thermoregulatory effects
of oil pollution in fur seals (Kooyman et Q., 1976a). In this species,
which relies on fur for insulation agai=t cold sea water, the effects
of oiling were profound. It is thought, but not measured, that sea otters
are even more dependent on their fur for insulation.

It was predicted that oil would have an impact on sea otters through
increases in their maintenance costs due to increased heat loss in air and
in water as a result of pelage contamination. The magnitude of this increase
will also vary between neonates and adults. External oil may also impair
their diving and feeding abilities. Kenyon (1974) noted that malnutrition
was common in contaminated fur seals. Finally, we anticipated direct
metabolic effects of ingested oil. This research continued physiological
research on sea otters, and included an analysis and evaluation of other
studies on effects of oil pollution on sea otters. The results will provide
an answer to such questions as well as help in providing basic information
on the general aspects of respiration in all marine mammals.
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Furthermore, determination of the characteristics of diving and measurements
of the energetic involved will help to provide general information on the
energy requirements of the various marine mammals and their different modes
of propulsion.

B. Specific Objectives:

1. Energy requirements of normal sea otters at various water temperatures.

2. Energy requirements of sea otters after oiling.

3. Appropriate procedures for rehabilitating oiled sea otters

4. Energy requirements of washed sea otters and time required
complete recovery.

for

5. At-sea behavior of sea otters.

6. At-sea behavior after oiling.

Information of this kind will provide a data base from which the assessment
of any kind of oil contamination or other activity which may alter the nature
of the otter’s food sources can be derived. In addition, relative to oil
contamination, the difficulties and costs of protecting from oiling and the
rehabilitating of oiled otters can be estimated.

c. Relevance to problems of petroleum development:

The sea otter is a conspicuous faunal element of many nearshore communities
in .Alaska and California where offshore oil development and transportation is
either underway or planned. As fur bearers, they are among the marine mammals
most likely to be affected by oil. Furthermore, the California sea otter
population has been determined to be a threatened population by the Department
of the Interior due primarily to the threat of an offshore oil spill. By
measuring the physiological responses. of individual animals to surface contami-
nation, the present research effort provides basic information from which the
impact of an oil spill ‘within the sea otter’s range can be predicted.

III. CtiRRENT STATE OF KNOWLEDGE

The effects of oil spills on marine mammals have been reviewed recently
by Geraci and Smith (1977), and by Davis and Anderson (1976). From both
these sources, it appears that hair-bearing marine mammals (either adult or
immature) are not usually killed by simple surface contact with oil. However,
fur-bearing marine mammals (either young or adult) are much more susceptible,
and may be killed by such contact.

Our previous study has shown that small amounts of crude oil have a
large effect on thermal conductance of fur-bearing pelts, and no effect on
nonfur-bearing pelts. In living fur seals light oiling of approximately
30% of the pelt surface area resulted in a 1.5X increase in metabolic rate
while immersed in water of various temperatures. Furthermore, this effect
lasted at least two weeks.
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Preliminary research by Siniff Johnson and Williams (1977) indicates
that crude oil contamination of live sea otters results in death under
certain circumstances. However, their investigation was of a limited nature
and no conclusions can be made from their study. Metabolic rates of immersed
sea otters have been measured previously (Morrison, Rosenmann and Estes, 1975;
Iverson and Krog, 1973) and are useful only in comparisons with control animals
used in the present study.

IV STUDY AREA

Laboratory experiments were conducted at the Physiological Research
Laboratory, Scripps Institution of Oceanography, University of California
at San Diego, California. Captive sea otters were collected from Monterey,
California with the assistance of the California Department of Fish and Game.

Field studies were conducted in Constantine Harbor, Hinchinbrook Island,
Prince William Sound, Alaska (146° 38’ north latitude; 60° 22’ west long~.tucie)
during July 7-22, 1978 and June 20-August 17, 1979.

v. SOURCES, METHODS AND RATIONALE OF DATA COLLECTION

A. Laboratory studies

Five female sea otters, Enhydra lutris weighing 12 to 20.9 kg were used.
The]” were captured near Pacific Grove, California by employees of the Cali-
fornia Department of Fish and Game utilizing the diver held sea otter capture
device. (Wild G Ames, 1974). Soon after capture, the animals were transported
by rented aircraft to a holding tank at the Physiological Research Laboratory,
Scripps Institution of Oceanography, San Diego, California. The time of
capture to release in the Scripps pool was about 5 hours. Animals were
maintained for periods of 2 months to 2 years in aholding tank that was
6.1 m wide, 12.2 m long, 3 m deep. The tank was filled with sea water to a
depth of 1.2 m. Fresh sea water fIowed through the tank at approximately
110 k/rein. Water temperature within the holding tank varied with changes
in the ambient ocean water. Summer temperature averaged 19°C and the winter
temperature averaged 16”C. Five times a day , the sea otters were fed a
variety of food items including commercially obtained frozen clam,
Spisula solidissima, squid Lol~go opalescent, rock crabs, Cancer ~. , abalone
trimmings, Haliotus ~., and locally collected sea urchins, Strongylocentrotus ~.
Upon completion of the study, the otters were transferred to Sea World, San Diego,
California.

I;etabolic Rates during Immersion - Prior to each metabolic analysis, the sea
otters were fasted for 12 hours. The otters were weighed wet to within 50 g
on a platform beam balance just prior to each experiment. Soon after weighing,
all animals were placed in a metabolic chamber specially designed for these
studies. The chamber, which was 151 cm long 84 cm wide, 84 cm deep, held about
1400 liters of fresh water. It was constructed of styrofoam sheets, 9.5 cm
thick, which were covered with a wood veneer and fiber glassed for strength.
Within the lid was a 30 x 60 cm lucite
gasket. The box was filled with fresh
ports in the lower portion of the dome
air drawn through this air space. The
prevent the otter from being disturbed
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The rate of air flow was measured with a Wright respirometer accurate
to within 1% at flow rates used. Humidity was determined with a dial hygrometer,
and barometric pressure was measured with an aneroid barometer checked against
a mercury barometer. Air and water temperature of the box were monitored with
an accuracy of O.l°C with a Bailey bat 4 coupled to a digital voltmeter.
The thermocouple probes were placed at the mouth of the air intake and on
the upper portion of the chamber wall about 2 cm below the water level.
Water was slowly, constantly and uniformly stirred in the box by means of a
series of outlet and inlet manifolds. Water temperature usually varied less
than 0.5”C.

A sample of the exhaust from the dome was drawn continuously through a
complex of 3 glass “U” tubes filled with drierite,  barlyme (aC02 absorber),
and drierite, in that order, before entering the sensing cell of an Applied
Electrochemistry Industries oxygen analyzer (AEI). In those experiments with
oiled or washed animals, a “U” tube of 4-12 mesh activated charcoal preceded
the first drierite  “U” tube to absorb all oil fumes.

The AEI O analyzer signal was recorded continuously on a 25 cm chart
irecorder adjus ed to record from 19-21% full scale. At 60-minute intervals,

the inlet air sample was checked and the instrument’s reference cell adjusted
if it had drifted. At this time, the analyzer was calibrated by flushing the
sensing cell with room air, which was presumed to be 20.93% O

2“

The recorded curves of 02 concentration were smoothed by eye and the
difference in O concentration from the intake and exhaust were determined
every minute. ‘?’he averages for 60 minute intervals were CO1 lated. Appropriate
factors for correction of gas volumes t? STPD were incorporated into a computer
program, and oxygen consumption rates (V02) were calcualted using the following
equation (Depocas G Hart, 1957):

VI (Fl . F* )

in = stpd 07 02 (1)
‘2 ( 1 -F; )

02

where

V02 = oxygen consumption (liter/rein)

. .
‘1

Incoming air flow
stpd

‘1 = Fraction of oxygen in dry ambient air (.2093)

02

F; = Fraction of 02 in C02 and water free exhaust00
Surface Area Meas~rements - The surface area of 5 fresh pelts were measured
by tracing the pelt, paws, tail and flippers on an acetate sheet, The outline
was then transferred to tracing vellum and the outlines were cut out and weighed.
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The determined surface area to weight ratio of the tracing material was then
used to calculate surface area. Total surface area of one pelt was measured
by planimetry and by weighing; both procedures agreed to within 1%.

The surface area of the otters’ appendages (tail, paws, flippers) were
measured separately by planimetry. The surface areas of the hind flippers
were measured while both the flippers were expanded and while they were closed.
A surface area constant a was derived from these measurements and it was used
in the equation (Iverson–6 Krog 1973):

S=aW2/3

where:

S = total surface area in
a = constant derived from

(2)

2
square meters (meters)
surface area measured from the 5 otter pelts.

W = weight of animals (kg)

in order to calculate the surface area of the experimental otters.

Deep Core and Subcutaneous Temperature Measurements - Deep body temperatures
were obtained by inserting an encapsulated radio transmitter down the esophagus
of anesthetized animals. Two deep core temperature transmitter systems were
utilized. One system used a procedure in which temperature was modulated into
a varying pulsed interval ratio. The receiver then demodulated this signal to
an analog voltage which was then measured on an oscilloscope. The other method
used a design of Mattison and Seeley (1974). In this unit, the transmitted
pulse rate varied with temperature and was determined by counting the number
of pulses per minute timed with a stopwatch. The accuracy of these systems
was accurate to + O.l°C.—

Subcutaneous temperatures were determined with small (approx. 2 cm x 1 cm)
surgically implanted AM radio transmitters designed by Mckay (1970). The
transmitted signal and temperature measurement was similar in procedure to
that of Mattison and Seeley (1974).

Experiments with Oiled and Washed Otters - In order to measure the loss of
insulation due to crude oil contamination and due to the washing of the fur
to remove the oil, four experiments were conducted on 3 of the 5 otters
(once each on otters 2 and 4 and twice on otter 1).

Sea otters were oiled under light anesthesia. This was accomplished by
placing the whole animal in a nylon bag and flowing air containing 5% vaporized
halothane into the bag until the animal was unconscious. After the induction,
the otter was removed from the bag and the otter’s head was placed in a plastic
cylinder through which gas at a known concentration of halothane  was flowing.
Gas flow rate and concentration were maintained with a Bird MK 5 respiratory
and fluotec vaporizer.

Prudhoe Bay crude oil was brushed over a prescribed area of the animal’s
back. This process took no more than 15 minutes. After oiling, the animals
were permitted to swim in a clean pool of sea water for 30 minutes before
the metabolic test.
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Upon completion of three of the metabolic tests, the animals were

anesthetized and cleaned with Amberlux  detergent. Cleaning took 30-45
minutes after which the animals were returned to the holding tanks and fed.
Twenty-four hours later, a second metabolic test was run to measure the
effect of washing. In the first oiling experiment, otter 1 was washed twice,
once immediately after the post-oiling metabolic measurement and again the
next day. In the final experiment, oil was left on otter 5 for 8 days prior
to washing. Post-oiling metabolic measurements were made twice during this
period on days 1 and 6. This oil was removed with a shampoo and conditioner,
formulated by Redkin Laboratories, Los Angeles, California.

B. Studies on Free-ranging Sea Otters:

In order to study the behavioral response
a field camp was set up on the south shore of
Island, Prince William Sound, Alaska (146°38’

of oil contaminated
Constantine Harbor,
north latitude; 60°

longitude). The behavior patterns of oiled and control (unoiled)

sea otters,
Hinchinbrook
22’ west
animals

were monitored by radio teiemetry. Activity patterns were monitored by a
remote telemetry station located on a hillside overlooking the study area
at an elevation of 1000 ft. A Telonics (Mesa, Arizona) TR-2, 150-152 mhz
biomedical telemetry receiver with a Telonics TS-1 Scanner/Processor was
interfaced to an Esterline  Angus 20 channel event recorder via a specially
designed pulse detector. This detector converted the audio output of the
receiver to a voltage which deflected the appropriate event recorder pen
when a signal from a otter radio transmitter was received. Each channel was
scanned at least once every 30 seconds. Radio telemetry collars were cons-
tructed so as to float upon release from the animal. The collars were
constructed of an inner core consisting of closed cell urethane foam which
was sealed with a thick coating of silicone rubber, to prevent the collar
from becoming saturated with water. The collar base was then covered with
a brilliantorange  polyester jacket onto which a Telonics 150 mhz band B-S
tracking transmitter was attached. The collars were fastened around the
otters’neck  with velcro strips which went through magnesium-stainless steel
buckles. The buckles were designed to corrode away,releasing the collars
after 4 days for collars with depth recorders attached or 14 days for collars
with tracking transmitters alone.

The foraging depth of sea otters was to be studied with specially
designed maximum-depth recorders attached to the teIemetry  collars of 4
sea otters. These recorders digitally recorded the depth of the last 64 dives.
Upon release, the collars were to be recovered and the data retrieved from
the depth recorders.

Sea otters were captured using “tangle nets”. ~le tangle nets were
modified 9“ mesh gill-nets which floated on the surface of the water. They
did not possess lead lines and were 150 ft long and 10 ft deep. One end of
the surface line was anchored via a float to the bottom so that the net could
swing with the tide. Two nets were deployed in areas frequented by sea otters.
While foraging or swimming, otters would wander into or under the nets and
become entangled. Once the otters were entangled, we would come along side
the net in a boat, haul the otter aboard and anesthetize it with a portable
halothane gas anesthesia apparatus. While under anesthesia, radio collars
and flippers tags were attached. Oiled animals were treated the same as
controls except that 10-30 mls of Prudhoe bay crude oil was brushed onto the
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the fur covering no more than 30% of the dorsal surface. The otters were
maintained on board until they recovered from anesthesia, whereupon they were
released into the water.

Activity and behavior patterns of the oiled and control sea otters
were monitored by the received radio signal patterns. Upon submersion,
the telemetry collar signal was lost to the salt water and was not received
by our telemetry receiver. Active periods were typified by a broken signal
pattern and rafting periods (resting on the surface],a  constant signal
pattern. During daylight hours, observations were made to validate the
recorded telemetry patterns with the animals’ behavior. Observations of
the grooming pattern of oiled animals were also made at this time.

SC3 otter population surveys were also conducted during the field seasons.
During July, 1978 approximately 2/3 of Prince William Sound was surveyed
utilizing a Bell Jet Ranger 200. During August,1979,  a UJ-I-lH helicopter
was used to survey the coastline between Cordova, VaIdez and the Columbia
Glacier due to poor weather and helicopter mechanical problems. Two people
counted and a third person recorded the otter sightings on the appropriate
charts.

VI. RESULTS

A . Laboratory Studies

A total of 67 control metabolic experiments, totalling  over 402 hr
metabolic measurements were made on five female sea otters immersed in
water at 5,10,15,20,25 and 30”C. The mean resting or standard metabolic
rate measured in these animals at all water temperatures was 12.0 + 1.2 ml
02/kg-min or 4.0 ~ 0.4 Watts/kg (Table 1).

.

.
A significant difference was not measured in resting V. from 5° to 30”C;

2. ’02 ~~svariance,
however, a significant increase in both average and active “
observed as the water temperature decreased (P < .001,Analys~s
Figure 1). The mean amount of the time spent active appeared to increase as
the water temperature decreased (Figure 3).

Surface area measurements for the five sea otters are presented in
Table 2. The total body surface area can be calculated from equation (2)
where a = 0.087. The appendages, including the tail, accounted for 21.4% of
the the total body surface (hind flippers 12.4%, tail 4.8%, paws 4.2%). The
hind flippers can be expanded or closed, resulting in a 25% reduction in
flipper surface area or a 3% reduction in the animals’ total surface area.

Mean body temperature for three animals was 37.2°C (R = 36.7 - 38.1).
There was a 12°C difference between the subcutaneous temperatures in a
control otter immersed in 15°C and 5°C water. Upon oiling, the overall body
temperature beneath the oiled area dropped 5-10”C (Table 3). Once the otter
was washed or if oil was left on for several days, the subcutaneous
temperature underneath the oiled area increased, approaching body temperature
(Table 3). Figure 3 displays the variability of body temperature in otter 5
which was washed and immersed in 15°C water. Changes in Tb correspond with
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changes in T~ in otter 5 after washing. The lowest body temperature are
coincident wi?h the start of activity and an increased heat production
(Figure 3).

Oiling experiments were conducted on three sea otters, once on otter
and 5, and twice on otter 1 (Figure 4). The subcutaneous and core body
temperatures for the four oiling experiments can be seen in Table 2. The
average metabolic rate of otter 1 increased 22% after oiling 16% of her
body surface with 38 mls of crude oil. After washing, her metabolic rate

3

-,
increased 102% above the control rate. Eight days a~ter oiling, her metabolic
rate returned to normal. In the second experiment, 13% of otter 1’s surface
was oiled with 60 mls of crude oil. After oiling, there was a 69% increase
in her normal metabolic rate. After washing, her metabolic rate was 125%
above normal and was still 33% higher than normal after 14 days. In the
third oiling experiment, 25% of the body surface of otter 3 was oiled with
60 mls of oil. Her average metabolic rate increased 36% after oiling and 111%
after washing. In the fourth oiling experiment, 23% of otter 5’s body surface
was oiled with 35 mls of crude oil. After oiling, her average metabolic rate
increased 35%. In this experiment, oil remained on the otter for 8 days.
The average metabolic rate was 63% greater than the control 1 day after
oiling and was 98% higher than control 6 days later. Washing the otter
with a shampoo and conditioner supplied by Redkin Laboratories (Los Angeles,
California) resulted in a metabolic rate that was 87% higher than control,
three days later, the metabolic rate was 75% higher than control and 8 days
post-washing, it was still 75% higher than control. After washing, the
sea otters’ furs appeared. wet and the animals were observed shivering. The

lower subcutaneous temperatures observed in oiled pelt areas suggests an
increased thermal conductance of oiled fur.

After the first oiling,otterlrecovered  in our normal holding facility.
However, after the second and third oiling experiments, the washed otters
were incapable of completely grooming their fur into its normal condition.
Forty-eight hours after washing, otter 1 had groomed only her upper torso
and the fur on her lower abdomen was totally wetted. During this time, she
was constantly shivering. The water temperature of our
lf5.7°c. Due to constant shivering and the inability of
herself properly, she was removed from the holding tank
small tub filled with 25-30°C water. The tank was left
hours and then drained and left empty for 1-2 hours and
This procedure was carried out for 24 hours. After the
otter had managed to successfully groom her entire body

holding tank was
otter 1 to groom
and placed in a
filled for three
then filled again.
24 hour period, the
and was returned to

our regular holding tank where she continued to groom normally and was not
observed to shiver again.

Two weeks after oiling otter 1, we took a routine blood sample and
measured a white blood cell count of 16,500 cells/mm3. The normal white
count is around 8,000 cells/mm3. Otter 1 was then transferred to Sea World
for veterinary care, where they diagnosed pneumonia. Otter 1 recovered after
treatment with antibiotics. When she was returned to the Physiological
Research Laboratory 100 days after oiling, her fur was matted and her metabolic
rate was 71% greater than normal.

After washing otter 3, we put her into a
However, unlike otter 1, she would not groom.
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tank of warm water (26-30°C).
Over the next six day period,
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we put her into cold water then warm water and then left her dry. She did
attempt to do some grooming but was unsuccessful in restoring the air layer
into her fur. On the sixth day after oiling, we transferred her to Sea
World, where they diagnosed initial signs of pneumonia. Five days later,
she died (11 days post.oiling). A necropsy was conducted and revealed gross
inflammation of the lung from acute pneumonia. No problems were encountered
with otter 5 after washing. She appeared to be able to withstand the thermal
stress without grossly noticeable ill effects. However, otter Sts fur
retained a slick appearance long after the washing. This was probably due
to the inability of the new shampoo to completely remove the crude oil.
The otter was transferred to Sea World and when observed four months later
otter 5’s fur appeared normal.

The holding tank temperature on the day of the oiling experiments was :
Ist experiment otter 1, 20.2”C, 2nd experiment, otter 1, 16.4°C, otter 3,
16.l°C and otter 5,20”C.

B. Field Studies

.4 total of 31 sea otters were captured using the tangle net capture
device during the 1979 field season. Of these 31 animals, 3 drowned during
capture, 7 were oiled, 15 were used as controls, and 4 were used as depth
recorder controls. Two were a mother and pup pair which had to be anesthetized
to be removed from the net and were then released untagged and uncollared.
Temple cattle ear sized tags were used to identify individual animals after
the radio collars released (Table 4).

We collected consistent telemetry data from 4 of the 19 control animals
and 3 of the 7 oiled. Some of the telemetered animals removed their radio
collars immediately upon release and others left the area or transmitted
intermittent signals. Intermittent two-to-five-hour direct observational
periods were correlated with the strip chart records and used for interpre-
tation of these data. Three types of behavior were identified in the strip
chart records; rafting, floating quietly on back with very infrequent
activity such as one or two rolls, or rubbing of paws or face; low level
activity, low intensity grooming with rolling or slow swimming; high level
activity, vigorous grooming or foraging. These three behaviors were
summarized as 1) percent of time spent in each activity for each animal,
2) mean percent time spent in each activity for control versus oiled animals,
3) mean time spent in a rafting bout per animal and for control versus oiled,
and 4) mean number of rafting bouts per day per animal.

The radio-collared otters were monitored for anywhere from one to
twenty-one days. The daily activity patterns of six animals (four control
and two oiled) are presented in Tables 5-7. Oiled animals spent a mean of
20% of their time in low level activity, 20% in high level activity, and 60%
in rafting. Oiled animals spent a mean of 113 min in a rafting bout and
rafting bouts took place an average of 9 times per 24 hour period. Control
animals spent a mean of 115 min in a rafting bout and rafting bouts took
place an average of 8 times per 24 hour period. However, significant
differences were not observed between the activity of oiled and control
sea otters.
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The location of two of the oiled otters (tag #671,672) which moved
out of range of our telemetry receiving station were monitored with a
hand-held telemetry receiver from a boat. The seven oiled otters were
oiled with 10-30 mls of crude oil covering 1-10% of their body surface.
Two of the oiled otters left the study area within the first 12-24 hrs
of capture (tag #s 665,669). One left the study area within 48 hours of
capture (#662).

One oiled otter died 18 hrs after capture. Upon necropsy, severe
peritonitis was determined to be the cause of death. We believe the animal
was ill when captured and that the oil was not the direct cause of death.
Otters 664 and 672 had 2.3% and 10% of their body surface oiled with 15 mls
and 30 mls of crude oil, respectively. They both were alive and in
apparently good condition when the study ended. Otter 664 was monitored
for 43 days and otter 672 for 20 days. We were able to visually observe the
behavior of otter 664 on 4 occasions for a total of 14 hours. During these
observations, otter 664 spent 63% of her total grooming time grooming her
oiled fur. After 21 days, she had substantially reduced the area of visibly

oiled fur. Thirty days after oiling, a matted area of fur could still be seen.

Otter 671 had 8.1% of her dorsal surface oiled and appeared healthy
20 days after oiling. However, 26 days after capture and oiling, she was
found dead. She apparently died from a large open neck abrasion caused from
the tightness of the telemetry collar. The severity of the neck wound
indicated to us that oil contamination was not the primary cause of dath.

The depth of six dives were recorded from otter 663, 5 of the dives were
to 33 ft and 1 dive was to 52 ft.

The results of the population survey can be seen in Figures 5-9. Figures 5
shows the overall area surveyed. These figures are modified from Calkins,
Pitcher G Schneider (1975).

VII. DISCUSSION

A. The mean standard metabolic rate in water of 12.0 ml O /kg-rein is slightly
different from the 11.2 ml O /kg-minifi air and 14.2 ml O /~g-min  in water

6reported for sea otters by M rrison et al. (1974). Thi~ oxygen consumption.—
rate is 2.4 times the rate predicted for a terrestrial animal of equal size
(Kleiber, 1975). It is 1.8 times more than other mustelids (Iverson,  1972)
and is similar to the resting level of other marine mammals. Thermal adap-
tation to the marine environment seems to result in increased rates of
metabolism in marine mammals (Hart G Irving, 1959; Morrison et al., 1974).
It is possible that this increased metabolism is necessary to compensate for

.—

the greater thermal conductivity of water, which is 20-26 times greater than
air (West, R.D., 1977). Hart and Irving (1959) found that the thermal
conductance in harbor seals doubled upon immersion in water. For comparative
purposes, we can calculate the thermal conductance across the pelt of the
sea otters resting in water, if these conditions are met or assumed :

‘. 1. body temperature remains constant, 2. cutaneous and respiratory heat
loss are insignificant when compared to overall heat flux, 3. The relationship
of oxygen consumed to energy produced is 1 ml 02/min-kg = 0.335 W/kg. Thus,

75



we can calculate the total thermal conductance from the following expression:

c =
M

(3)
T)S

‘TSQ - A

where

‘SQ =

‘A =

M =

c =

s =

subcutaneous temperature (“C)

ambient temperature (“C)

metabolic rate (Watts)

total thermal conductance (Watts/°C m2)

surface area (m*)

Utilizing the above equation, we calculated a mean thermal conductance
of 5.9 ~ 0,8 for the otters studied at 15”C. The sea otter, polar bear,
adelie penguin and fur seal all have similar thermal conductance (Frisch  et al.,
1974, Kooyman et al., 1976b, Kooyman et al., 1977]. Polar bear skin does not.—
remain dry whe~ifiersed, but relies on a stagnant water layer for insulation
(Frisch et al., 1974)..—

There is a disparity in the conductance between pelts and the coats of
animals in both sea otters and fur seals. This difference is a result of
the need to groom the fur frequently in order to prevent water penetration
and restore dryness of the fur (Kooyman  et al., 1977).——

The sea otter’s ability to adjust to varying water temperatures without
increasing resting oxygen consumption is striking (Fig. 1). Since heat
production equals heat loss, the sea otter must be employing mechanisms which
reduce its heat loss or increase its overall total heat production or both.
One mechanism for reducing heat loss without increasing oxygen consumption
is by peripheral vasoconstriction. Peripheral vasoconstriction  in sea otters
was quite striking with a drop in subcutaneous temperature of 12°C ii water,
between S“’and 15°C(Table 2). The thermal flux calculated at 5°C was 7 w/m20C
and 5 w/m20C at 15°C. The small increase in thermal flux at 5°C was probably
due to the 12°C drop in TSQ.

Morrison et al. (1974) noted that sea otters immersed in 30°C water—-
floated very low with their abdomen almost submerged. They postulated that
the otters allowed water to infiltrate their fur decreasing the fur’s
conductance and the otter’s buoyancy. We also observed our sea otters
floating very low in the water at higher temperatures(30°C).  However, we did
not observe water infiltrating the fur. The texture and appearance of the
fur remained the same before, during, and after the metabolic experiments.
As the water temperature declined, the otters seemed to float higher in the
water. Sea otters may vary their lung volume at different water temperatures
to increase or decrease the body surface in contact with the water. This would
alter the heat flux of the animal. This orientation in the water could partly
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explain the lack of increased O consumption with decreasing water tempera-
ture. Increasing the amount of2body surface in contact with the water at
high water temperatures would increase heat flux. However, in nature, there
may be a compromise, such that at high wind velocities and very low ambient
air temperatures, heat loss could be lower with total immersion in cold sea
water (Miller et al., 1975).——

Sea otters seem to increase their overall heat production but not their
resting metabolism. The level and duration of activity, such as grooming,
increase as the water temperature declines. For example, we measured a
significant increase in overall oxygen consumption ‘-below 20°C and a signifi-
cant rise in the intensity of activity below 20”C (Fig. 1). The relative
time spent active also increased at lower water temperatures (Eig. 2). Core
body temperature varied over a l.O°C range and it was correlated with active
and quiet periods (Fig. 3). The metabolic heat produced during activity seems
to be stored,which  results in an increase in body temperature. In quiet
periods the resting metabolism of the sea otter is normal which results in a
gradual loss of heat and TB declines.

Variations in core body temperatures of 1°C or more with activity have
been recorded in other marine mammals, such as elephant seals (NlcGinnis and
Southworth, 1971), spinner dolphins (Hampton and Whittow, 1976), monk seals
(Ohata et ~., 1972), and sea lions (Wlittow et al., 1972).——

The flipper surface relative to total body surface is smaller in sea
otters than in other marine mammals and in the river otter Lutra (Iversen
and Krog, 1973; Tarasoff, 1974). A smaller surface area to mass relationship
may be important to sea otters which apparently have not evolved the elaborate
vascular counter-current exchange systems found in the flippers of other
marine mammals (Tarasoff, 1974). The hind flipper temperaturesin  sea otters
are high (32°C) and are usually greater than abdominal skin temperatures
(18-25”C)  (D. Costa, unpublished observation). The ability to expand the
flipper surface by 25% may be an important mechanism for altering heat flow
from the body during rest or activity. Sea otter flippers are highly vas-
cularized (Tarasoff, 1974) and would act as an effective heat radiator. Prior
to every rafting bout, sea otters groom their fur. The last areas of the
body groomed are the flippers and paws (Loughlin,  1977). As the flippers,
head and paws are groomed, they are licked dry by the otter; and while
rafting, they remain out of the water (D. Costa, personal observation). This
behavior would aid in heat retention during rafting when heat production is
low and aid in heat loss during activity (while flippers are in contact with
water ) when heat production is high.

The changes in the sea otter’s metabolic rate after oiling and washing
parallel those previously observed in live fur seals and in pelts (Kooyman
et ~., 1976a). In both studies, the post-wash rate was twice that of the
~ntrol . The fact that the fur becomes wet to the skin after washing suggests
that the natural fur oils have been removed. If this is true, our data
indicate that a minimum of 8 days is required for the natural fur oils to be
replaced before the metabolic rate(therefore  overall thermal conductance)
return to control levels (fig. 4).
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The difficulty encountered during recovery in two of ~:he oiling and
washing experiments correlates with the holding tank temperatures. In the
first and fourth oiling experiments (otters 1 and 5), the tank temperature
was above 2(I*c and the animals recovered without special handling. In the
second and third oiling experiments (otters 1 and 3), the tank temperatures
were around 16°C and both animals became ill and one died.

The high subcutaneous temperature in otters emphasizes .the importance
of the fur in maintaining a thermal gradient to reduce heat loss (Frisch et al.,
1974) . The lower subcutaneous temperature under the oiled fur indicates that

.—

due to the loss of insulation, there is a localized reduction in peripheral
circulation. Therncreased subcutaneous temperature below the washed fur and
below fur left oiled is unexpected (Table 3). There maybe a limit to how
long and widespread the otter can maintain peripheral vasoconstriction.

Because of the high subcutaneous temperatures measured under washed fur,
there must be a larger heat loss due to the thermal gradient between the water
and the otter’s skin.

We can calculate the thermal conductance across oiled and washed fur by
utilizing a modification of equation 3:

where

MX =

MC =

‘x =

(MX-MC)  ,C=c

- TA)SX C x
(TSQ

oiled or washed heat production (Watts)

control heat production (Watts)

surface area oiled (m2)

(4)

‘SQ
= subcutaneous temperature under oiled or washed area (*C)

‘A
= ambient water temperature (lSeC)

“ cc = control thermal conductance calculated for each animal with
equation 3 (W/m20C)

Cx

= oiled or washed thermal conductance (W/m2L )

The changes in thermal conductance can be seen in Table 8. The surface
area affected by washing was estimate~  to be twice the area oiled. These
results are about the same as 27 W/m* c for oiled and greater than the 21 W/m20C
on washed pelts measured by Kooyman et al. (1977) .——

Heat flux across the oiled fur is a function of the density of crude oil
contaminating the fur (Fig. 10). Utilizing the mean oiled thermal conductance
we can calculate the total heat production of an 18 kg otter entirely covered
with crude oil to be 224 Watts or 3.1 times the resting level. This is close
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to the resting level we recorded of 2.6 times resting after otter 1
washed. Under this condition, the fur offers little insulation and

was

therefore seems to substantiate the validity of our oiled calculation.
In this state, the otter was shivering violently, a sign of great thermal
stress. It is unlikely that an otter completely oiled with crude oil
while in a cold water environment of 15°C or less could survive. Not e
that the above calculation only represents the initial increase in thermal
conductance, Several days after the initial oiling, the fur’s conductance
might increase as much as twofold, as in otter S (Table 5).

From the above, one might draw some useful conclusions about proper
procedures in the treatment of oiled otters. It is apparent that washing
can be quite destructive to the fur’s insulating quality. The high conductance
values measured after washing in otter 1 are probably an overestimate due to
a greater area of fur being affected than was actually used to calculate
conductance. In order to gain an estimate of the ,lower limit (and probably
a more valid estimate) of thermal conductance after washing, we can assume
all of the animal’s fur was affected by washing. In this condition, we can
use the animal’s total surface2area and equation 4 to get conductance of
15.3, 14.1, 14.8, and 15.1 W/m C for the four experiments respectively. It
is likely that the higher oxygen consumption measured after washing was not
entirely due to the greater thermal conductance of the washed fur, but due
to a marked increase in the overall surface area affected. Therefore, when
planning to wash oil-fouled sea otters, it would seem prudent to clean only
those areas which were soiled, thereby decreasing thermal stress to the animal.

B. The most striking results of our field studies are that the sea otters
survived small amounts of oil contamination and that we did not measure a
difference in their activity patterns. These results appear to contradict
our laboratory studies. However, the amount of oil contaminating the wild
sea otters was less than that contaminating the captive animals.

For comparison, we can estimate the increased thermal load experienced
by the wild otters utilizing the data derived from the captive otter studies.
The increased heat lost through the oiled fur can be calculated by rewriting
equation 3:

M = 
‘TSQ

 - 
‘A) ‘C.s

where:
‘SQ

= subcutaneous temperature under

‘A
= ambient water temperature

(5)

the oiled fur (“C)

c = thermal conductance of oiled fur (W/°Cm2)

s = surface area oiled (m2)

M = heat flux (Watts)

The thermal conductance of the oiled fur, C, can be derived from Figure 10
given the density (volume/area) of oil applied to the fur. The oiled
subcutaneous temperature is assumed to be the same as in our captive

79



animals since the ambient temperature of oiled captive animals and oiled wild
otters were similar (15”C, 14*C respectively). The results of these
calculations as well as the relative increase in the resting energy con-
sumption (derived from resting energy consumption of captive sea otters)
are presented in Table 9. The increase in resting heat production needed
to offset the additional heat loss due to oiling was only 11-22% in otter
662,664 and 671. The increased heat production ranged from 22 to 39% in
oiled captive sea otters (Table 1). The increased activity or other thermo-
regulatory mechanisms utilized to offset the heat loss due to oiling may not
have been detectable with our activity telemetry system. However, we visually
observed that otters 664 and 671 spent greater amounts of time grooming the
oiled areas than the unoiled areas. We have no data for otter 672, who was
expected to have the greatest increase in energy production, because it
wandered out of the range of our primary telemetry receiver.

Another complicating variable between captive and free-ranging sea otters
is the added stress of captivity. Smith G Geraci (1975) found zero mortality
in experimentally oiled harp seals in the wild, but observed high morta?~.ty
in oiIed captive harp seals. They attributed this difference in part to the
increased stress of captivity. Captivity stress would be an important compli-
cation in any rehabilitation of oil-fouled sea otters.

Using the preceding methodology, we can estimate the increased metabolism
for an average wild Alaskan sea otter receiving differing amounts of oil over
varying areas of fur. The effects of oil-fouling on an Alaskan sea otter
weighing 28 kg (=mean weight of those captured) can be seen in Figure 11.
Notice that when oil densities exceed 600 ml/m2 covering 8% or more of the
animal’s body, the calculated increase in metabolism is greater than the
highest level measured in captive sea otters under any condition.

These relationships plotted in Figure 6 represents a model, and sea
otters may undergo a variety of thermoregulatory adjustments which this model
does not accommodate. In addition, this model only predicts the initial changes
in metabolism and we would expect the thermoregulatory stress to increase as the
otter continues to groom the oil into its fur. This effect was observed in
otter 5 who was oiled for 8 days (Figure 4). However, this model allows us
to make these useful predictions about crude oil contamination of sea otters:
1. lighter oils which result in a thin coating of oil upon the animal’s fur
may not have as great an impact on sea otters as heavier oils which would
result in a thicker, denser coating of oiling; 2. otters may be capable of
thermoregulatory  compensation when only a small percentage of their body
surface is oil fouled.

c. Population Survey

Lensink (1962) estimated the 1960 Prince William Sound - Kayak Island
sea otter population at 1000 to 1500 based on fixed-wing aircraft observations
of 702 animals. According to Schneider (1971), this estimate may be in error
by as much as 100%. The Alaska Department of Fish and Game (1973).
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estimated the population at 5000, which is reasonable ifi light of the
numbers of otters counted in the 1973-74 surveys: 2015 in June, 1973
compared to 1441 in March 1974 (Calkins,  Pitcher, and Schneider, 1975),
both were helicopter surveys. In July 1978, 2148 otters were counted
when slightly less area was surveyed (Figure 5).

Hinchinbrook-Hawkins Islands

The number of sea otters in this census block was increased as a
result of significant growth in localized areas. Hinchinbrook Island
has several embayments and harbors in which sea otters are well established.
Constantine Harbor is still densely populated, but it appears that carrying
capacity has been reached and population growth has stabilized. On the
other hand, the Port Etches area support~ a much larger,population than
previously, perhaps as a result of overflow from Constantine Harbor
(Figure 6).

The southeast side of Hinchinbrook was relatively bare compared to
previous years, but the number of otters increased as the mouth of Orca
Inlet was approached. The Inlet population as observed in March, 1974
appears to be maintaining but notrapidly expanding.

The otters which have migrated from the Knowles Head-Port Gravina
area to the Sheep Bay area in the 1974 survey are still present, although
only a pod of thirty animals was observed compared to 202 otters in 1974
(Pitcher, 1975).

Knight Island Area

There does not appear to have been a significant increase in the number
of sea otters in the Knight Island area (Figure 7). A small population with
a few pups was spotted around Eleanor Island. Around Ingot, Sphinx, and
Disk Islands, only isolated, single otters were observed. The general pattern
around Knight Island is one of small groups of otters wide-dispersed along
the coast. Very few pups were present.

Montague Island

Like Hinchinbrook Island, there is a trend evident here toward population
growth in restricted areas. The area around Graveyard Point and into Stockdale
Harbor is now the home of a sizeable population tith many pups (Figure 8).
Port Chalmers inlet continues to support a dense population, and numberous
pups were present. Harming Bay, Macleod Harbor, , Jeanie Cove, and Patton Bay
all support only small groups of otters at this time. Otter sightings were
rare between Box Point and Zaikof Point, so that the east side of Montague
Island remains basically unpopulated. Significant numbers ofotters exist
in both Zaikof and Rocky Bays.

Valdez Arm-Port Gravina Area

It is especially crucial to monitor the otter
Arm-Port Gravina area (Figure 9) since this is the
tanker traffic. By comparison between 1973-74 and
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a dramatic increase in sea otter numbers is apparent. One hundred seventy-seven
animals were observed in this area in 1973, 73 in 1974, and 974 in 1978.

After his survey, Pitcher (1975) stated:” areas which appear to be
acceptable habitat but are not presently supporting significant sea otter
populations include Perry Island, Blj.gh Island and Galena Bay.” A major
trend in population recovery in this direction is evident from the data,
as otters have spread to Goose Island, up into the entrance of Port Fidalgo,
especially in Snug Corner Cove and Boulder Bay, and Bligh Island, all of
which were nearly unpopulated less than five years ago. Further, range
expansion was observed in 1979. Ninety-two sea otters were spotted in
Jack Bay and 1 in Galena Bay, where none were observed in 1978.

It is evident from the data that the sea otter population in Prince
William Sound has increased in size over the past five years, and the
process appears tobt?ontinuing. Dense populations now exist in specific
areas which previously did not support sea otters. Of major significance
is the population growth and range extension occurring in the Valdez Arm-Po~t
Gravina area, since these otters are moving into sites that are in direct
contact with the oil traffic waterway. The sea otters in this area are
especially susceptible to oil contamination, due to the nature of the small
and narrow bays and ports. An oil spill could close the entrance to one of
these bays or ports, making it impossible for the otters to leave without
becoming oil fouled.

VIII CONCL{JSIONS

The impact of crude oil contamination upon sea otters can be quite
profound and subsequent whabi”liiatimof oil-fouled sea otters would be both
difficult and costly.

Oil contamination results in a profound increase in the heat loss of
sea otters - Field studies have shown that sea otters can survive low
level oil contamination under certain circumstances. Field studies were
conducted under optimal conditions, i.e. abundant food supplies and warm
weather. In areas of marginal sea otter habitat or high sea otter popu-
lation densities, where competition for food is high (such as Amchitika
Island, where seasonal die-offs of juveniles have been reported (Kenyon,1969)
sea otters may be more sensitive to oil contamination. Weather and environ-
mental temperature will also influence sensitivity to oil contamination.
Sea otters will be more sensitive to thermoregulatory stress where the sea water
temperature is lower than in our study area (mean sea water surface temperature
14°c). Sea otters will be more sensitive during the winter when environmental
temperatures are low;periods  of sustained stormy weather (times when oil spills
are more probable) will reduce the foraging ability of sea otters, also making
sea otters more sensitive to oil contamination.

Damage to sea otter populations is more likely from large scale oil
spills where there is a higher probability of contaminating a large proportion
of the animal’s fur. Contamination of large areas of the animal’s fur
(greater than 30%) will most likely result in death. Sea otter’s ~be
resilent to chronic low-level oil contamination, where the probability of
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large surface oil contamination of the fur is low. The probability of a
sea otter making contact with oil also is less likely with chronic low -
level oil spills. A large scale oil spill within an area populated by sea
otters could result in oil fouling of most of the sea otter population
and would most likely result in death for those animals oiled. However,
if oil contamination does not directly foul sea otters, its effect On sea

otter prey items must be considered. Sea otters must consume 20-30% of
their body weight daily in prey. An oil spill which substantially reduced
the number of available sea otter prey items would also result in a
considerable die-off of sea otters. More continued research into the
avoidance of oil spills and the effects of oil on sea otter prey and
improved rehabilitation techniques are needed.
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Water Temperature “C

Otter 5 10 15 20 25 30 Oi 1 Post oil Wash

m l  O
2

ml O
2

ml O
2

ml O
2

ml O
2

ml O
2

ml O
2

ml O
2

ml O
2

-n -n -n kg-rein -n -n -n -n kg-rein

1 14.4 12.0 12.0 12.4 12.9 12.7
17.7 10.8 13.7 14.2 12.9 10.4
11.14 9.7 14.4
13.2 10.4 11.7

11.9 12.0
12.7

15.9

16.3

Exp .1

Exp.2

@Ca 2

31.2

27.7

-—15.4 --

10.8
11.1

10.7
11.5

7.1 15.2
16.0

—- 11.9
13.0

9.2 ---— --

3 14.1
12.2

11.2
12.0
9.7

9.7
11.2
11.3

10.5
10.6

10.5 14.8
10.9

26.0

4 12.6
6.0

15.3
13.8
9.5
9.6

8.5
8.3

11.1
9.1
9.6

9.1
9.4

5 15.5 28.811.4
13.8
13.2
12.8

10.1
12.0

11.9 13.0 13.5
13.7 11.5

12.0



Table 2 - Surface areas measured from the pelts of 5 sea otters

Body Weight Hind Flippers Paws Tails Maximum total
Sex kg Expanded Closed m’ m’ Surface area

m’ m’ m’

F 16.6 0.s

M 20.0 1.020 0.782 0.331 0.238 0.805

M 24.9 0.649 0.453 0.209 0.340 0.657

F 35.8 1.386 1.120 0.440 0.378 0.902

M 36.3 1.067 0.774 0.425 0.648 0.965
%



Table 3. subcutaneous (Tsq) and deep core body temperature (T )
in “C in control, oiled washed, 1 day post-washed an i

1 day post-oiled animals. All temperatures were measured
from otters immersed in 15°C water unless noted otherwise.
Numbers below temperature are one standard deviation,
numbers in parentheses equals the sample size.
* Temperature was recorded under normal fur of a partially

oiled otter.

mimal Cent ro 1

?r 1
1

,. 2

zr 1
15°c

;F 1
s“c

zr 2
15°C

er 3

er 4

er 5

x

T TB
Sq

36.4
+0.3—

(4)

32. 3*
+1.1
–(15)

36.6

(:)

24.3

36.7

(2)

37.6

(!)

37.7
0
2

37.2

36.7
+0.22—

(21)

37.9
(3)

35.1 37.3

Oiled 1 day Washed Post-wash

T
Post-oiled T ‘B ‘sq

‘B T
Sq

Sq Sq

26.2
+0.7
–(19)

26.0
+0.6
–(14)

28.5
+().3
–(21)

24.6
+0.4
–(37)

26.3

37.3
+0.2
-(12)

38.1

‘(2)

37.6
+0.2
‘(38)

37.7

90

33.7
+0.5—

(4)

33.7

I

34.2 -
+0.3—

(7)

34.5
+2.2 -
–(19)

35.0 36.8
+1.3 +0.5
–[34] –(24]

34.6 36.8

!5.8
0.4
(13]

3S.8



Table 4. Summary  of the tag number, weight, sex, date of cayture and
treatment of the 31 sea otters captured during  the 1979 field
season.

Otter Tag Sex Nei ght Treatment Date
# kg

652 F
653 F
654 F
655 ~
65b F
657 F
658 F
659 F
h’T(no tag) F
660

661

662

663
664

665

666
. .

66-

668
069

670

6?1

- -

- -
- -

6?2

b?~

674
67s

- -

M
F
M

M
F
M

M
F
M

M
M

M
F

x
M

F with pup

F

F

M
F

M

~~.]

21.3
24.9
22.7
21.8
23.1
?3‘L’.  . 2
22.2
21.8
38.6
22.:
40.8

36.7
26.3
-54.9

41.7
24.0
35.8

37.2
53.6

35.4

2?.7

37.6
36.3
--

21.3

20..$

30.1

16.3

20.0

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control

Oiled with 10 mls oveI
a 10cm x 15cm area

6/28/79
6/28/79
6/29/79
6/29/79
6/30/79
6/30/79
6/30/79
6/30/79
6/30/79
6/30/79
6/30/79
7/7/79

Control depth recorder 7/7/79
Oiled 16 mls 10x18cm  area 7/7/79
Oiled 18mls over a llx15cm 7/13/79

area
Control 7/13/79

Drowned in net 6/30/79
Oiled 30 mls 7/17/79

four dead next day of
peritonitis

Control with depth recorder 7/17/ 79
Oiled with 20 ml over 7/19/79
30x19 cm area

Control 7/20/79
Oiled with 20 ml over
a 26x25 cm area 7/20/79

Drowned in net 7/22/79
Drowned in net 7/22/79

Released mother as soon 7/20/79
as seen in net

Oiled with 30 mls over a 7/30/79
2bx26 cm area

Control with depth 8/1/79
recorder attached

Control 8/1/79
Control with depth 8/1/79
recorder attached
found dead on shoreline 7/~2/79
died natural causes
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Table S. Activity patterns over a 21 day period of a free-ranging oiled
sea otter (otter 664)

Date

7/8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Low Level
Min

354

77

109

512

324

280

238

275

& 257

298

383

230

309

150

261

57

160

377

285

416

266

90

25

7

11

36

23

19

16

20

18

21

27

16

21

10

18

4

11

26

20

29

Z()

.—

High Level
v“ -
L In

227

93

184

261

304

306

329

302

314

250

319

255

247

222

217

366

470

317

303

372

273

%

16

9

19

18

22

21

23

21

22

17

23

18

17

15

15

26

33

22

22

26

20

Rafting
Min

859

910

667

667

787

854

873

823

869

892

712

955

884

1068

962

1006

810

746

824

652

796

%

59

84

70

46

55

60

61

59

60

62

50

66

62

75

67

70

56

52

58

45

60

Unknown
Min

360

480

25

40

26

11

28

105

92



Table 6. Mean activity patterns for six otters (otters 664, NT, 663,
675,673, 662) and for oiled versus control animals, in
percent time.

Otter

664-oil

NT

663

675

673

662-oil

Oi 1

Control

Low Level

19

15

13

34

18

1 3

16

20

High Level

20

30

23

10

18

13

17

20

Rafted

61

55

64

56

66

74

67

60

n (days)

21

11

5

3

12

2

23

31
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Table 7. Mean time spent in a rafting bout and mean number
of rafting bouts per 24 hour period for six otters

Otter X time/rafting bout ~ number rafting bouts/24hr

6b4-oil 114 min. 8

NT 124 7

663 88 10

675 110 7

673 139 7

662-oil 112 10

O i l 113

Control 115

9

8
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Table 9. Shows the resting metabolism, the area oiled and the oiled
fur heat flux used to calculate the increased heat production
resulting from oiling.

Otter # Resting Area Oiled Heat flux Oiled Increased in
Metabolism

M’
Oiled fur Metabolism Metabolism

w w w %
M2°C

6 6 2 ‘ 164 .0150 1 3 44 12

664 106 .0180 , 23 22

671 111 .0650 12 11

672 86 .0676 30 34

: . .

. .:.!
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Preface

At least one of us was present and participated in collecting data at each

site. When possib le , t h e  d e s c r i p t i o n o f  t h e  i n t e r t i d a l  c o m m u n i t y  a t  a

particular site was written by an individual who had participated in s a m p l i n g

t h a t  s i t e  b e c a u s e  f i r s t h a n d  f a m i l i a r i t y  w i t h  t h e  p h y s i c a l  s e t t i n g ,  s a m p l i n g

methods, and t h e  g e n e r a l p a t t e r n s  o f  d i s t r i b u t i o n  o f  m a j o r  o r g a n i s m s

contr ibutes  to  a  fu l ler  in terpreta t ion of  the  data  f rom quant i ta t ive  sampl ing.

T h e  s e n i o r  a u t h o r  d i d  n o t  p a r t i c i p a t e  i n  a n y  of t h e  f i e l d  work so those

descriptions written by him have not benefited from personal observations in

t h e  f i e l d . T h e  n a m e  o f  e a c h  l o c a l i t y  s a m p l e d  i s  l i s t e d  i n  t h e  Table of

Contents  and is  fo l lowed by  the  in i t ia ls  of  the  author (s )  who descr ibed the

biotic communities at that locality.

.
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I. S U M M A R Y  O F  O B J E C T I V E S ,  C O N C L U S I O N S ,  A N D  I M P L I C A T I O N S

WITH RESPECT .TO OCS OIL AND GAS DEVELOPMENT.

The intertidal region of most shores in the eastern Bering Sea north of

56°  N is  subject  to  scour ing by  sea  ice  in  la te  winter  and spr ing in  most

years . We used data collected with systematically sampled belt transects and

arrays of randomly placed quadrats to compare intertidal communities on rocky

shores in the Pribilofs with those on the shores of islands in the southeastern

B e r i n g  Sea t h a t  h a v e  n o t  b e e n subject  to  recent  scour ing. We used the

above methods and randomly sampled belt transects and haphazard sampling to

s t u d y  p a t t e r n s  o f  d i s t r i b u t i o n  a n d  a b u n d a n c e  o f  macrobiota at 39 intert idal

sites in the eastern Bering Sea.

In mid-summer 1975, 4 months after the most recent scouring episode in

t h e  Pribilof I s l a n d s ,  s p e c i e s  r i c h n e s s  o f  m o s t  major t a x a  o f  p l a n t s  a n d

inver tebrates  genera l ly  and Mollusca speci f ica l ly  (as  determined by  average

species counts and species-area curves respectively) was signif icantly lower

in the Pribilof Is lands than a t  Amak and Akun Is lands ( the  shores  of  which

had not  been recent ly  scoured by  ice) .  Curves  of

among species  of  Mollusca were  markedly  d i f ferent

compared with those for Amak

showed a greater concentration

and Akun Is lands.

of dominance among

the distribution of biomass

at the Pribilof I s l a n d s  a s

The Pribilof Is land curves

a few species.

Fugitive species of algae had the greatest wet weight in most quadrats at

the Pribilof Is lands whereas canopy species  were  preponderant  on unscoured

shores. T h e  b i o m a s s  o f  e p h e m e r a l algae a n d  o f  k n o w n consumers of

ephemeral algae was about the same at al l  sites. Sessile inver tebrates  were

usually small  and low in abundance on, or absent from, unprotected surfaces

at the Pribilof Is lands.
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T h e  a v a i l a b i l i t y  o f  r e f u g e s f r o m  i c e - s c o u r i n g  p r o b a b l y  a l l o w s  m a n y

s p e c i e s  w h i c h  o t h e r w i s e  w o u l d  b e  e l i m i n a t e d  t o  s u r v i v e  i n  t h e  i n t e r t i d a l

communi ty  a t  the  Pribiiof I s l a n d s . The chief impact of oil  pollution on the

community would most likely be to reduce or deny access to these refuges by

intertidal organisms. A l l  o f  t h e  t h r e e  t y p e s  o f  r e f u g e s  f r o m  i c e - s c o u r i n g

( tempora l  per iods outs ide  the  act iv i ty  range of  ice-scour ing,  spat ia l  zones

beyond the activity range of ice-scouring, and physical heterogeneities within

the activity range of ice-scouring) available to intertidal organisms could be

adversely affected by an oil  spil l . The extent to which the refuges would be

denied to the organisms would depend on the timing of the oil  spil l  and to a

lesser extent on the viscosity of the oil.
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II. INTRODUCTION

A. General nature and scope of study.

T h e  p r i m a r y  g o a l  o f  o u r  s t u d i e s  h a s

inter t ida l  communi t ies  in  the  Gul f  o f  A laska

studies  were  designed to  provide  basel ine

been to  genera l ly  character ize

and eastern  Ber ing Sea. T h e

i n f o r m a t i o n  o n  t h e  p a t t e r n s  o f

d i s t r i b u t i o n  a n d  r e l a t i v e  a b u n d a n c e  o f  p l a n t s  a n d  i n v e r t e b r a t e s  i n  t h e s e

communities prior to the development of oil  and gas leases on the continental

shelf in these regions.
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B . Specific objectives.

O u r  s p e c i f i c  o b j e c t i v e s h a v e  b e e n  t o  d e t e r m i n e  t h e  c o m p o s i t i o n  o f

in ter t ida l  communi t ies  and to  descr ibe  the  d is t r ibut ions and abundances of

species in them at as many representative sites as possible near the proposed

oil  and gas lease areas.

community organization

response of a community

I n this report, we

In addition we have examined possible mechanisms of

a t  o u r  s i t e s  a n d  h o w  t h e y  m i g h t  d e t e r m i n e  t h e

to oil spills.

describe the intertidal communities at our study sites

in the Bering Sea (those in the Gulf of Alaska have been described elsewhere

[0’Clair e t  a l . 1978 and Zimmerman et al . 1978] ) ,  and examine the  ro le  of

scouring by sea ice in structuring intertidal communities in the Bering Sea.

L-
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c . Relevance to problems of petroleum development.

Our descriptions of intertidal communities in the Gulf of Alaska and the

Bering Sea should provide information on the character of natural,  unpolluted

communities at our study sites. Our results can be compared at some future

date with measurements of oiled communities at the same sites should an oil

spi l l  occur . We can be  reasonably  conf ident  that  i f  a  sp i l l  is  suf f ic ient ly

devastat ing to  produce profound changes in  the  species  composi t ion  a t  our

study sites we should be able to document those

a t  h a n d . However, our  conf idence p lummets

differences such as changes in the abundance or

or if we a t t e m p t  t o  e x t r a p o l a t e  o u r  r e s u l t s

seasons. Our lack of

tempora l  and spat ia l

C lark  (1978)  recent ly

e f f e c t s  o f  o i l  s p i l l s

confidence derives from

variabil ity in biological

reiterated this problem

to

an

changes with the information

w h e n  w e  c o n s i d e r  s u b t l e r

biomass of particular species

nearby localit ies or different

appreciation of the enormous

systems in  nature . Mann and

with respect to documenting the

on mar ine inter t ida l  communi t ies . N o t  s u r p r i s i n g l y ,

Z immerman et  a l .  (1978)  found that  A laskan in ter t ida l  communi t ies  are  a lso

highly variable. Some of this variation is

unpredictable, b u t  a s  Pielou  ( 1 9 7 2 )  p o i n t s  o u t ,  i f

from (1 )  a dearth of factual knowledge and (2) fau

stochastic and therefore

we avoid errors result ing

ty reasoning, then we can

be fairly successful in predicting ecological change in natural systems. Until

we can do th is  we have no hope of  adequate ly  assessing the  e f fects  of  o i l

spills on biotic communities.

T h e  m o s t  f r u i t f u l  w a y  o f  a p p r o a c h i n g  t h e  p r e d i c t a b l e  d o m a i n  o f

community dynamics is through the study of the most important mechanisms

controlling community organization. These usually include competition,

predation, and physica l  d is turbance. I n  a  p r e v i o u s  r e p o r t  ( 0 ’  Clair et al .

1 9 7 8 )  w e  b r i e f l y  r e v i e w e d  e v i d e n c e  s u g g e s t i n g  t h e  i m p o r t a n c e  o f
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understanding key interspecific interactions to the assessment of the impact of

oil  pollution on marine communities and considered how dominant competitors

might  in f luence the  number  and re la t ive  abundance of  o ther  species  in  the

community. H e r e  w e  c o n c e n t r a t e  o n t h e  r o l e  o f  p h y s i c a l  d i s t u r b a n c e ,

specifically scouring by sea ice.

Scouring by, sea ice is an important physical disturbance on most shores

in the eastern Bering Sea north of 56° N. It  is an annual occurrence which

can scrape most organisms from upper surfaces on rocky shores and can plow

up organisms in unconsolidated sediments. Systems affected by ice scouring

a r e  g e n e r a l l y  s p e c i e s - p o o r  (MCROY and Allen 1 9 7 4 ) . Presumably ,  most  of

those species which persist in the system have evolved l i fe history strategies

w h i c h  allow them to either escape the effects of ice-scouring or to recolonize

scoured surfaces rapidly from refuges (such as crevices and spaces beneath

a n d  b e t w e e n  b o u l d e r s )  i n  t h e  i n t e r t i d a l  o r  subtidal r e g i o n s .  O i l  p o l l u t i o n

m i g h t  b e  e x p e c t e d  t o  f u r t h e r  s t r e s s  t h o s e  o r g a n i s m s  t h a t  h a v e  e v o l v e d

s t r a t e g i e s  t o  c o p e w i t h  i c e  s c o u r i n g  a n d  t h e r e b y  f u r t h e r  r e d u c e  s p e c i e s

r ichness in  an a l ready s imple  system. Moreover ,  because i t  can penetra te

crev ices  and the  in terst ices  of  boulder  f ie lds , o i l  could  have a  far  greater

impact on the community by making refuges uninhabitable to both sessile and

mot i le  species . B e f o r e  w e  c a n  p r o p e r l y  e v a l u a t e  t h e  e f f e c t s  o f  o i l  o n

ice-scoured s y s t e m s  w e  s h o u l d  d e t e r m i n e  s u c h  t h i n g s  a s  t h e  e f f e c t s  o f

s c o u r i n g  o n  c o m m u n i t y  c o m p o s i t i o n  a n d  trophic s t ructure ,  the  ra tes  and

trajectories of ecological succession following a scouring episode and the roles

played by compet i t ion a n d  p r e d a t i o n  i n  d e t e r m i n i n g  t h e s e  r a t e s  a n d  t r a -

jectories. O n c e  w e  u n d e r s t a n d  t h e  p r o p e r t i e s  o f  u n p o l l u t e d  i c e - s c o u r e d

systems, w e  c a n t h e n  u s e  o u r  k n o w l e d g e  o f  r e l a t i v e  s u s c e p t i b i l i t i e s  o f

organisms in the system to oil  toxicity,  rates of decomposition of oil  in cold

climates, and other factors to evaluate the effect of an oil spill on the system.



III. CURRENT STATE OF KNOWLEDGE

Local patterns of species diversity are frequently controlled by disturb-

ance. As used here , a  d is turbance inc ludes any  event  that  sets  back  the

progress of ecological succession to an earlier stage. Levin and Paine (1974)

have developed a model which predicts the species richness of a community

from information on the size, age, and distribution of patches of open space

created by  d is turbance. T w o  g e n e r a l  p r e d i c t i o n s  o f  t h e i r  m o d e l  a r e  t h a t

d is turbances that  are  loca l ized in  space and t ime should  increase species

r ichness whereas  d is turbances that  are  f requent , chronic, or severe should

simplify community structure and reduce species richness. These predictions

are  supported by  empir ica l  s tudies  in  mar ine  (Dayton 1971 )  and ter rest r ia l

(Loucks 1970, Taylor 1973) systems.

Connell (1978)  has  proposed a  conceptua l  model  that  accounts  for  the

high diversity of trees in tropical rain forests and corals on tropical reefs by

an intermediate disturbance mechanism. Under  th is  model ,  d is turbances of

in termediate  f requency and magni tude promote  h igh d ivers i ty ,  whereas h igh

or  low f requencies  or  magni tudes of  d is turbance resul t  in  lower  d ivers i ty

either by preventing late-arriving and slow-growing species from colonizing or

by allowing the community to develop toward a low-diversity equilibrium state.

A genera l  hypothesis  of  species  d ivers i ty  has  been of fered by  Huston

( 1 9 7 9 )  w h o  c l a i m s  t h a t  k n o w l e d g e  o f  t h e  p o p u l a t i o n  g r o w t h

competitors and the frequency of population reductions caused by

or disturbance is necessary to predict the diversity of a community.

r a t e s  o f

predation

In all of

these models, disturbance promotes high species diversity by preventing the

system from reaching competitive equilibrium.

McRoy and Al len  (1974)  rev iew the  ava i lab le  l i te ra ture  on ice-s t ressed

ecosystems. We examine the effects of ice scour on rocky intertidal
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communi t ies  because our  observat ions in  the  Ber ing Sea indicate  that  these

communities tend to be more diverse than those on sandy or gravelly beaches,

and we would expect a diverse community to be a more sensitive indicator of

the m a g n i t u d e o f  t h e  d i s t u r b a n c e  c a u s e d  b y  i c e s c o u r  t h a n w o u l d  a

less-diverse community. With the exception of Stephenson and Stephenson’s

( 1 9 5 4 )  a n d  Ellis and Wilce’s (1961)  descr ipt ion  of  in ter t ida l  zonation p a t t e r n s

in  nor thern  Canada, l i t t le is known about the effects of scour ing by  ice  on

rocky shores. W e  f o c u s  o n  t h e  Pribilof I s l a n d s  b e c a u s e  t h e  i n t e r t i d a l
3

communi ty  there  appears t o  b e  p o t e n t i a l l y  v e r y  d i v e r s e . Moreover ,  these

is lands are  near  the southern l imi t  o f  sea  ice ,  and therefore  the  communi ty

t h e r e  c a n  b e  c o m p a r e d  w i t h  t h o s e  a t  i c e - f r e e  i s l a n d s  a t  a b o u t  t h e  s a m e

lat i tude.
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T h i s  r e p o r t

coastal regions of

IV. STUDY AREAS

considers  mar ine inter t ida l  communi t ies  pr imar i ly

Alaska: ( 1 )  B r i s t o l  B a y ,  ( 2 )  t h e

Norton Sound. T w o  s i t e s  (Nukshak  I s l a n d  a n d

western Gulf of Alaska which were not included in

a lso inc luded here  to  complete  the  record of  our

Pribilof Is lands,

in  three

a n d  ( 3 )

S p e c t a c l e  I s l a n d )  i n  t h e

our  prev ious repor ts  are

intertidal reconnaissance

studies.

We established study sites on six types of beaches based on predominant

substrate composition. Maps of  the  d is t r ibut ion of  substra te  types in  the

three coastal regions considered here are contained in Sears and Zimmerman

(1977) . T h e  t y p e s  o f  s u b s t r a t e a n d  p e r c e n t a g e s  o f  o u r  s t u d y  s i t e s  o n

beaches with each type of substrate

b e d r o c k ,  22%; m u d ,  17%; g r a v e l ,  4%;

t h e  p e r c e n t a g e  o f  m a j o r  i n t e r t i d a l

are  as  fo l lows:  boulder ,  27%; sand, 27%;

peat,  2%. Zimmerman et al.  (1977) show

substra te  types f o r  t h e  t h r e e  c o a s t a l

r e g i o n s  w e c o n s i d e r  h e r e . Comparing t h e  l a t t e r  p e r c e n t a g e s  w i t h  t h e

d i s t r i b u t i o n  o f  s u b s t r a t e  t y p e s  a m o n g our  s i tes  showed that  we sampled

substra te  types r o u g h l y  i n  p r o p o r t i o n  t o  t h e i r  o c c u r r e n c e , a l though we

tended to  overs imple  predominant ly  boulder  beaches and undersample gravel

beaches. T h e  r e l a t i v e  p r o p o r t i o n  o f  b e a c h  t y p e s  a n d  t h e  d i s t r i b u t i o n  o f

substrate types among the sites in each coastal region and a more detailed

physical description of  each s i te  are  inc luded in  the  in t roduct ions to  each

coastal region below.
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v . S O U R C E S ,  M E T H O D S , A N D  R A T I O N A L E  O F  D A T A  C O L L E C T I O N

A . Field methods

W e  u s e d  f o u r  s a m p l i n g  m e t h o d s  i n  t h i s  s t u d y . T h e  o n e  u s e d  r

extensively employed bel t  t ransects sampled systemat ica l ly  wi th  1 /16

quad rats. T r a n s e c t s  w e r e l a i d  r o u g h l y  p e r p e n d i c u l a r  t o  t h e  shorel

usually from the level of mean

t ide . The number  of  t ransect

each line depended on the slope

At  two s i tes  (Cape Lapin

lost

ne,

high water or above the water’s edge at low

ines at each site and the sampling interval on

width, and topography of the beach.

and Eider  Point )  we used randomly sampled

b e l t  t r a n s e c t s . These  t ransects w e r e  l a i d  p a r a l l e l  t o  t h e  s h o r e l i n e  at

arb i t rar i ly  se lected t ida l  levels wi th in  major  in ter t ida l  zones termed st ra ta .

We sampled them wi th  a  randomized nested design. They were  subdiv ided

into  a  set  o f  cont iguous I -mz plots of which a subset was randomly selected

f o r  subsampling; each of  these p lots  was subdiv ided in to  1 /16  m2 q u a d r a t s

two of which were sampled randomly. Three transects were laid at each site.

T h e s e  t r a n s e c t s  w i l l  h e r e a f t e r  b e  r e f e r r e d  t o  a s  r a n d o m  t r a n s e c t s  t o

distinguish them from those described above which were sampled

systematically.

T h e “arrow” s a m p l i n g  m e t h o d  ( d e v e l o p e d  b y  R .  Myren) w a s  u s e d

pr imar i ly  on v e r t i c a l  o r  n e a r - v e r t i c a l  s u r f a c e s  s u c h  a s  t h e  s i d e s  o f  l a r g e

boulders  and rock outcrops. A facsimile of the area to be sampled and the

general pattern of distribution of dominant organisms was sketched on a sheet

of  Mylar  p last ic .  Numbered, uni formly-d is t r ibuted dots  were  then p laced on

the  sketch . The posit ions of a fraction (usually about 25%) of the dots were

selected f rom a  random number  tab le . The locat ions on the  rock  sur face

corresponding to t h e  r a n d o m l y - s e l e c t e d  d o t s  w e r e  m a r k e d  w i t h  n u m b e r e d

arrows. A  q u a d r a t  ( 1 / 1 6  m2)  w a s  t h e n  p l a c e d  a t  t h e  t i p  o f  e a c h  a r r o w ,
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photographed, and its elevation determined (see below). The arrow site was

not disturbed; plots of the same size with similar biological cover in a nearby

area were sampled as described below.

At a few sites, transect sampling was supplemented by a

a quadrat or corer was either tossed or placed on the beach

sampled in the same way as the transect quadrats.

method whereby

haphazardly and

The procedure for sample collection on rocky shores was the same using

al I of the above methods. The area within each frame was photographed to

record  the  coverage of  larger  organisms (v isual  est imates  of  th is  coverage

were often made as well)., and then the plot was scraped to bare rock and the

organisms bagged and fixed in 10% formal in.

We used only transects and the haphazard sampling method at sites with

unconsol idated sediments  (mud,  sand,  gravel ,  peat ) . O n e - l i t e r  ( [ 1 0  cm]3)

cores w e r e  t a k e n . M o s t  c o r e s  w e r e  c o l l e c t e d  f r o m  t h e  s u r f a c e  o f  t h e

substrate to 10

cores were also

as  sur face  and

are as follows:

cm deep, but occasionally deeper (depth-range 10 to 20 cm)

collected. Hereafter these depth ranges wil l  be referred to

deep,  respect ive ly . Exceptions to the above coring methods

(1) At our sites in Norton Sound 7 or 8 l-liter cores were

frequently lumped into one sample or the sediment from one spot on the beach

w a s  s h o v e l e d  i n t o  7 -  o r  8 - l i t e r  b u c k e t s . In  e i ther  case  the  samples  were

sieved on

a n d  t h e n

Point  in

site through one or more screens, the finest having 2 mm openings,

f ixed for  subsequent  sor t ing . ( 2 )  A t  C a p e  G l a z e n a p  a n d  Blaine

Izembek L a g o o n , 1 / 1 6  m2 q u a d r a t s  w e r e  e x c a v a t e d  t o  a  d e p t h  o f

5 and 7 cm respectively.

The e levat ions of  samples t a k e n  b y  a l l  o f  t h e  a b o v e  m e t h o d s  w e r e

determined with a transit  and level rod using standard surveying techniques.



T h e  r e f e r e n c e  l e v e l  w a s  t h e  l e v e l  o f  l o w  t i d e  p r e d i c t e d  in the Tide Tables

(Anonymous 1976).

I n  a d d i t i o n t o  t a k i n g q u a n t i t a t i v e  s a m p l e s ,  w e  m a d e  q u a l i t a t i v e

collections, and general observations regarding biological interactions and the

dist r ibut ion, relative abundance, and natura l  h is tory  of  obvious organisms.

Minor  devia t ions f rom the  procedures r e v i e w e d  a b o v e  a r e  i n c l u d e d  i n  t h e

descriptions of each site when appropriate.
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B. Laboratory procedures

All  samples were sorted by the Marine Sorting Center of

o f  A l a s k a . All organisms

which indiv iduals  could  not

algae, sponges,  bryozoans,

Organisms from most major

were  ident i f ied , counted (except

the  Univers i ty

organisms for

be readily distinguished, e.g. ,  many species of

etc.  ) ,  and weighed (wet weight and dry weight).

phyla  were  ident i f ied  to  species . Inver tebrates

from the following taxa

the Sorting Center:

Nematoda, Oligochaeta,

were not usually identi

Porifera, Cnidaria

Copepoda, Tanaidacea

ied below the level of order by

Platyhelminthes, Nemertea,

Insects, A r a c h n i d a r A c a r i n a ,

Sipuncula, Bryozoa, a n d  A s c i d i a c e a . Counts  and weights  of  mussels  and

limpets were recorded separately for two or three size categories. When most

organisms had been removed and all that remained was a diverse mass of small

fragments, est imates  of t h e  r e m a i n i n g  i n d i v i d u a l s  w e r e  d e t e r m i n e d  b y

subsampling the residue.
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c . Sources of bias and error

Only those samples collected on the random transects at Cape Lapin and

Eider  Point  were  s t r ic t ly  random; consequent ly ,  a t  most  s i tes ,  we d id  not

make a truly unbiased estimate of the variabil i ty in the abundance, biomass,

or  coverage of  the  organisms found there . When i t  was des i rab le  to  test

specific hypotheses statistically and sample sizes were large enough, we chose

at random a subset of the set of samples taken at each site.

The sample surface ( i  .e. the area of substrate enclosed by each quacirat

or core) was

most species

smal l  (1 /16  m2 or  100  cm2)  but  probably  adequate  for  sampl ing

inc luding the  dominant  compet i tors  for  space in the intertidal

region. However ,  the

large  predators  such

estimate the abundance

from

Other  sources  of

particular regions

sample size was clearly too small to adequately sample

as  s tar f ish . Therefore , our  data  cannot  be  used to

of these species.

b ias  and er ror  that  a f fect

or sjtes are included in the

the usefulness of the data

Results section.
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VI.

A . Distributions and Relat

RESULTS

ve Abundances of Intertidal Biota

1. Bristol Bay and

We sampled 16

1 ) . About half of

Eastern Aleutian Islands

sites  in Bristol Bay and the eastern Aleutian Islands (Fig.

the beaches sampled were sandy or muddy, and half were

rocky; pertinent sampling information for these sites is contained in Table 1.

I n  a d d i t i o n  t o  t h e  a b o v e s a m p l i n g  a c t i v i t y ,  S . Z immerman and J .

Nlac Kinnon conducted a  reconnaissance of  the  l i t tora l  reg ion of  14  s i tes  in

e a s t e r n  B r i s t o l  B a y  f r o m  t h e  Nushagak P e n i n s u l a  t o  P o r t  H e i d e n  f r o m

29 August to 5 September 1976. Z i m m e r m a n  a n d  Merrell (1976)  l is t  the i r

observations.

From 6 to 12 September 1976, Mac Kinnon accompanied Drs. A. Salenger,

B . Hunter , and J. Dingier of the U. S. Geological

reconnaissance

Kvichak Bay

Zimmerman and

of  39  s i tes  on the  nor th  coast  o f  the  Alaska

t o  U n i m a k Island. H i s  o b s e r v a t i o n s  a r e

Merrell ( 1 9 7 6 ) .

Survey on a

Peninsula from

summarized in

Also included here are descriptions of intertidal communities at two sites,

Nukshak and Spectacle Islands, in the western Gulf of Alaska (Fig. 1) which

w e r e  n o t  i n c l u d e d  i n  o u r  p r e v i o u s  r e p o r t s . Lists of species of intert idal

plants and invertebrates identified in samples from all sites in this section are

contained in Appendices 11A and IIB.

1 . 1  N u k s h a k  I s l a n d  ( C a p e  Nukshak)

Nukshak Island is in Shelikof Strait  just off  Cape Nukshak on the Alaska

Peninsula (Figs. 1 and 2*; Table 1).  The island is small  (0.9 km long, 40.5 m

h i g h  [ U . S . Coast Pilot 1964] )  with a bedrock intertidal area rising to two

* All maps of specific sites are modified from Sears and Zimmerman (1977; see

List of Figures). 135
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Table 1. Pertinent sampling information for 18 sites in the western Gulf of Alaska, Bristol Bay, and the Aleutian Islands.

Site Name Coordinates Suix.trate Oates Tidal Range Sampling ~
I.at. (N) Long. (W)

Sample Surface
Sampled Sampled (cm) method (s) area or volume( .)

~ Sample Sizec

Western Gulf of Alaska
Transect(2) ,arrow
Transect (2) ,arrow
Transect (2), arrow
Transect (2) ,arrow

1/16 m;
1/16 m2
1/16 m2
1/16 m

18(T), 8(A)
22(T), 8(A)
21(T), 12(A)
22(T), 4(A)

bedrock 23,24 by 1975
8 August 1975

boulder/bedrock 25,26 kkly 1975
11 August 1975

-20 to 250
70 to 310
-18,3 to 195.1
24.4 to 140.2

Nukshak Island

Spectacle Island

.%uthem Bristol Bay
Middle Point
Point Edward
Moffet Lagoon
Blaine Point
Izenbek  Lagoon
Operl Island
Cape Glazenap A
Cape Glazenap B
Amak Island
Cape Lapin

z-.J Cape Mrdvinof

Semet Point

Aleutian Islands
Akun Island

Eider Point

Portage Bay

Northern Bristol Bay
Crooked Island
Cape Peirce

58°23’ 153°59 ‘

55°07.2’ 159°44.6’

55°51.7’ 160°40.0’
55 °S9.5’ 160°51.6’

mud/sand 23 July 1975
mud/ sand 22 July 1975
mud 15June 1976
mud 15 June 1976
mud 16June 1976
sand 16 June 1976
mud/sand 16June 1976
mud/sand 16 June 1976
boulder/bedrock 19 July 1975
rubble to boulder 17 June 1976

not recorded
-42 to 104
-12.2 to 57.9
-9.1 to 82.3
6.1 to 76.2

not recorded
not recorded
-9.1 to 30.5
-27 to 223
70.1 to 317.0

f{aphazard
Transect
Transect
Transect
Transect,selected
Haphazard
Haphazard
Transect,haphazard
Transect
Transect(4),
nested quadrat
Transect,arrow

1
1
1

6
38
1555°26.0’ 162°31.0’

55e22.3’  162°39.7’ 4.4
6.25, 1
1

11
11(T), 4(S)
2

55°18.9’ 162°45.5’
55°23.5’ 162°47.0’
55°13.2’ 163°02.0’ 1

3.1, 12
1/16 m2
1/16 m

.
L

1O(T), 3(H)
20
24

55”12.8’ 163°01.2’
55°24.1’ 163°09.3’
54°56.7’ 164°08.0’

1/16 m254°55.8’ 164”26.8’ bedrocWboulder/ 24 July 1975
rubble
bedrock/boulder/ 8 June 1976
mbble

27.4 to 283.5 7(T)> 4(A)

1/16 m254°29.1’ 164°54.4’ 6.1 to 368.8 Transect 7

1/16 m2

1/16 m2

1/16 m;
1/16 m

54”08.5’ 165°38.7’

53°57.5’ 166°35.1’

53°44.0’ 166°45.8’

bedrock 18 July 1975

rubble 14 June 1976

bedrock 25July 1975
13 August 1975

-21 to 140 Transect, arrow,
nested quadrat
Transect(4),
nested quadrat
Transect,arrow
Transect

20(T), 4(A)

30-15.2 to 216.4

80 to 161
67 to 158

:!(T), 7(A)

1/16 m;
1/16 m

58°39.5’ 160°16.5’
58”34.4’ 161°45.5’

bedrock 20 July 1975
bedrock 21 July 1975

1 to 226
28 to 216

Transect
Haphazard, arrow

18
13(H), 4(A)

.
a. Wers in parentheses tiicate  number of transects sampled per site, if more than one; b. Numbers not followed bym’ designations are liter

measurements; c. Letters in parentheses refer to sampling method: T = Transect; A = Arrow; S = Selected; H = Haphazard.
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grass-covered knolls. Our survey site was on the south side

The bedrock was hard ,  grani te - l ike ,  and where  we sampled,

( F i g .  3 ) . Outside the area we sampled in May 1975,

of the island.

gently sloping

w e  o b s e r v e d

low-gradient bedrock with f issures and depressed areas f i l led with water.  In

August 1975, we laid Transect 2 parallel to the water’s edge and

perpendicular to Transect 1 at the level of meter 12 in order to sample the

low-gradient area.

Barnacles were the dominant organism at Nukshak Island. Four species,

Balanus glandula,

found a l though ~.

Table 2 shows the

g. balanoides, ~. cariosus,  a n d

balanoides was not identif ied from

frequency of occurrence of selected

Chthamalus dalli w e r e

our May 1975 samples.

species along transects

in  May and August  1975 . T h e  p r e d a c i o u s  s n a i l s  Nucella lima, ~. Iameliosa,

and N. canal iculata were common, but they exhibited gregarious behavior and—

w e r e  i n a d e q u a t e l y  s a m p l e d  b y  t h e  t r a n s e c t s . Nucella l i m a  w a s  o b s e r v e d

f e e d i n g  o n  Balanus sp. and many empty tests were present,  apparently from

predat ion by  Nucella. In August 1975, Transect 2 intersected a low-gradient

area containing some standing water and many crevices; Leptasterias hexactis

was c o l l e c t e d  i n  e v e r y  q u a d r a t along t h e  t r a n s e c t .

K a t h a r i n a  t u n i c a t a  w a s a b u n d a n t  t h r o u g h o u t  t h e  l o w

Nukshak Island; however, i t was under - represented

collections. !O!Q!lE edulis o c c u r r e d in many of our

T h e  l a r g e  chiton

intertidal

in our

quadrats ,

distribution was patchy and it  was not abundant. Littorina sitkana

abundant in the high intertidal zone where it  was often observed in

grazing on a filamentous green alga.

z o n e  a t

quadrat

b u t  i t s

was very

clusters,

M a c r o p h y t e  c o v e r  w a s  l i g h t ,  e x c e p t  i n  t h e  low intertidal zone where

Alaria s p p . were  abundant . Fucus distichus w a s  c o l l e c t e d  i n  m o s t  higher-

e levat ion quadrats but  most  indiv iduals  were  smal l . Porphyra s p p .  w e r e
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Fig. 3. Nukshak Island sampling area. Site of Transect 1;
Transect 2 is off photo to right.
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Table 2. Frequency of occurrence of selected species along four transect

lines on Nukshak Island, May and September 1975.

May 1975 August 1975
Transect 1 Transect 2 Transect 1 Transect 2

( 2 . 2  t o  l.lm) (2.5 to -0.2m)  (3 .1  to 0.8m) (1 .4  to l.Om)
Species (n = 7) (n = 11) (n = 17) (n = 5)

Fucus distichus .86

Littorina sitkana 1.00

Balanus  glandula 1.00

Balanus balanoides o

Balanus  cariosus .29

Chthamalus dalli .43

!!@w edulis <1”5 cm .71

!!ww edulis 1“5-2”0  cm .71

!!YwE edulis >2”0 cm .71

Collisella pelts .86

Nucella spp. .29

Leptasterias  hexactis o

Turtonia o c c i d e n t a l s .71

Porphyra sp. .67

Alaria spp. .14

Polychaetes 1.00

Oligochaetes 1.00

Flatworms .71

!EwA!s hirsutiusculus o

Katharina  tunicata o

.45

.55

.55

0

.64

.64

.55

.18

.09

.55

.09

.45

.36

.45

.45

1.00

.64

.45

0

.36

.82

1.00

.65

.47

.53

.35

.76

.24

.18

.71

.35

.24

.47

.35

.24

1.00

.88

.59

.18

0

.60

.80

.40

.20

1.00

.60

1.00

.60

.40

1.00

.80

1.00

.40

.20

.20

1.00

1.00

.40

1.00

.40
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col lected in  both  M~y  and August  (many species  of  Porphyra occur  only  in—

t h e  s p r i n g )  a t  t h e  h i g h  a n d  m i d - i n t e r t i d a l  l e v e l s . Encrust ing and foliose

coral l ine algae were very abundant in t ide pools. C l u m p s  of Mytilus edu!is

a n d  Modiolus modiolus g r o w i n g  i n  t h e  t i d e  p o o l s  w e r e  a l m o s t  c o m p l e t e l y

covered with encrusting coral l ine algae. Laminaria s p . was also common in

tide pools and on a steep rock face seaward from the end of the transects;

conditions were too hazardous for collections to be made here.

1.2 Spectacle Island, Shumagin  Islands

Spectacle Island is a small  rocky island

l i e s  b e t w e e n  Nagai and Big Konuiju I s l a n d s

sampling site was located on a small islet off

with grass-covered slopes which

( F i g s .  1  a n d  4 ;  T a b l e  1 ) .  O u r

the southwest shore of Spectacle

Island; a gravel spit  connects these two bodies. The substratum was bedrock

overlain by boulders (Figs. 5 and 6).

The Spectacle Island site has a fair ly heavy cover of macrophytes, with

a  predominance of  grazers

W e  f o u n d  2 9  s p e c i e s  o f

and f i l ter  feeders  in  i ts  inver tebrate  populat ion.

algae along t h e  t r a n s e c t s  i n  M a y  a n d  A u g u s t .

A l t h o u g h  t h e  g r e a t e s t  n u m b e r  o f

Fucus distichus ( a  phaeophyte)

c o n t r i b u t e d  t h e  g r e a t e s t  n u m b e r

a l g a l  s p e c i e s  p r e s e n t  w e r e  rhodophytes,

h a d  t h e  g r e a t e s t  b i o m a s s . Polychaetes

of  inver tebrate  spec ies , wi th  23  species

f o u n d  i n  M a y  a n d  1 8  s p e c i e s  p r e s e n t  i n  A u g u s t . Grazers , including

pulmonates, l i m p e t s ,  o t h e r  g a s t r o p o d ,  a n d  chitons, w e r e  a b u n d a n t .  W e

found 18  species  of  grazers in  May and 13  species  of  grazers  in  August .

Several barr

but  in  smal

carnivorous

were  found

collected in

acle  and mussel species were found during both sampling periods,

numbers. We found few predators. A single individual of the

gastropod species Nucella Iamellosa  w a s  c o l l e c t e d  i n  M a y ;  n o n e

i n  A u g u s t . A few smal l  sea  s tars ,  Leptaster ias  hexact is ,  were

both  May and August . Nereocystis  luetkeana, a  f l o a t i n g  k e l p ,
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Fig. 5. Replicate transect lines at Spectacle Island site, August 1975.
Note floating kelp offshore.

Fig. 6. Arrows in place to study abundance and distribution of organisms
within zones at Spectacle Island, Alaska.
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w a s  a b u n d a n t  o f f s h o r e  ( F i g .  5 ) . During both sampling periods we saw sea

ot ters  swimming among the  ke lp . Al though we saw only  a  few sea  ot ters

when we worked at the site,  they are present throughout the area (Sears and

Zimmerman 1977). Sea otters may help to account for some of the conditions

w e  o b s e r v e d  s u c h  a s  u n g r a z e d  a l g a l  b e d s , increased algal competition for

space, and reduced populat ions of  sessile inver tebrates  (Pa lm isano  and Estes

1977).

1,3 M i d d l e  P o i n t ,  P o r t  Moller

Middle  Point  is  located a long the  western  shore  of  Por t  Moller (Figs. 1

a n d  7 ;  T a b l e  1 ) . Our site consisted of an extensive t idal f lat  covered with

the eelgrass Zostera  mar ina . The substrate was mud overlying sand and the

declination was so slight that one could walk seaward for hundreds of meters

w i t h o u t  e n c o u n t e r i n g  a n y  c h a n g e  i n  w a t e r  d e p t h ;  e v e n  a t  l o w  t i d e  w a t e r

remained on the flat to a depth of about 3 to 5 cm.

One of the most numerous groups or organisms at the site were capreliid

amphipods which c lung to  the  ee lgrass. We est imated that  there  were  an

a v e r a g e  o f  f i v e  caprellids p e r  s q u a r e

sample  wi th  par t icu lar ly  heavy eelgrass

caprellids p e r  1 0 0  c m2 . Polychaetes

i n v e r t e b r a t e s  i n  o u r  s a m p l e s  w i t h  3 2

cent imeter  throughout  the  f la t ;  one

cover yielded an actual count of 1234

were another important group of ‘

species  in  18  fami l ies  represented,

although no single species was especially numerous. We collected five species

o f  b i v a l v e s a t  t h i s  site; none was Darticularlv numerous exce~t M a c o m a.

balthica which was abundant  in  one sample  col lected on

the beach, above the eel grass.

M i d d l e  P o i n t  i s  p r o b a b l y  a  v e r y  p r o d u c t i v e  s i t e .

genera l ly  h ighly

1974 and McRoy

product ive  mar ine  systems ( for  recent

,–

t h e  h i g h e s t  p a r t  o f

Eelgrass beds are

reviews see Phill ips

a n d  McMillan 1 9 7 7 ) . The rhizomes of eelgrass stabil ize the
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substra te  and, upon decay, the eelgrass yields detritus which nourishes the

benthic communi ty;  i t

small  organisms such

d u r i n g  h i g h  t i d e ,  t h e

also provides physical support and protection for many

a s  caprellids. Al though th is  area  was not  observed

abundant

the eelgrass probably provide a

1 . 4  P o i n t  E d w a r d ,  P o r t  Moller

food supply and protective cover afforded by

valuable habitat for juvenile f ish.

P o i n t  E d w a r d  i s  a t  t h e  n o r t h e a s t e r n e n d  o f  C a p e  Rozhof n e a r  t h e

e n t r a n c e  o f  P o r t  Moller ( F i g s .  1  a n d  7 ) . We collected 1 -liter samples on a

broad, gent ly -s loping, m u d / s a n d  b e a c h  ( T a b l e  1 ,  F i g .  8 ) ;  a l l  c o r e s  t a k e n

a l o n g  o u r  t r a n s e c t  w e r e  b e l o w  M e a n  T i d e  L e v e l  (MTL) and over half  (60%)

were below Mean Lower Low Water (M LLW).

Most  o f  the  species  in  our  samples  were  polychaetes  wi th  a t  least  2 9

species present. The Class  Bivalvia was represented by  s ix  species ,  o ther

m a j o r  c l a s s e s  o f  i n v e r t e b r a t e s  b y n o  m o r e  t h a n  t h r e e  o r  f o u r  s p e c i e s .

Diatoms, a  g r e e n a l g a  (  E n t e r o m o r p h a  intestinalis),  a n d  t w o  r e d  a l g a e

(Porphyra sp.  and Cryp tosiphonia woodii) were the only algae in our samples.

Eight of the ten species of invertebrates having the greatest average wet

w e i g h t  i n  o u r c o r e s  w e r e  polychaetes ( T a b l e  3 ) ,  b u t  b i v a l v e s ,  e s p e c i a l l y

M a c o m a  balthica, m a d e  u p  m o s t  o f  t h e  b i o m a s s . Al though Macoma was

o u t w e i g h e d  b y  & arenar ia i n  t h r e e  c o r e s  a n d  b y  Clinocardium nuttallii in

one core, the latter two species were rare in our samples and Macoma was

clearly the preponderant species (79%)  in most cores.

A m o n g  t h e  Polychaeta, sedentary  forms const i tu ted  about  75% of those

species showing the greatest average wet weight in our samples and 70% of all

polychaetes p r e s e n t . Nephtys caeca occurred more frequently than any other

species, but  Arenicola gracilis had a  substant ia l ly  h igher  median abundance

and ranked just below Macoma in average biomass.
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Fig. 8. Core sampling at Pt. Edward, Port Moller,
Alaska Peninsula. 22 July 1975.
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Table 3. Statistics for the ten species of invertebrates showing the greatest average

at Point Edward, Port Moller.

Avera e
1

Wet Frequency ~f
Species rank w e i g h t  ( g )b occurrence Abundance d

rank on the transect

Dominancee

Macoma balthica 11.5 5.1, 0.2-18.8 0.92 17, 3-48 30/38

Arenicola gracilis 7 . 5 0.2, 0.001-1.6 0.71 19, 1-44 1/38

Axinopsida serricata 7 . 2 0 . 0 3 ,  0 . 0 0 2 - 0 . 1 0 .87 6 ,  1 -36 0

Ee!L!?EEEE5 6.6 0.02, 0.001-1.8 0.95 4, 1-11 0

Spio filicornis 6.3 0.02, 0.001-0.2 0.87 4, 1-15 0

Capitella c a p i t a t a  4 . 7 0.05, 0.001-0.7 0.55 2, 1-17 1/38

Owenia  fusiformis 3.6 0.03, 0.003-0.1 0.40 2, 1-4 0

Pholoe  minuta 3 . 4 0 .005 ,  0 .001-0 .02 0 .82 3 ,  1 -12 0

Ampharete arctica 3.4 0.004, 0.001-0.05 0.68 1, 1-7 0

Polycirrus medusa 3.2 0.07, 0.001-0.6 0.29 2, 1-6 0

a. Rank of wet weight of each species averaged over 38 cores (1, lowest weight).
Species listed in order of decreasing rank.

b. Median and range of wet weights per liter in all cores where the species was found.
c. Proportion of quadrats that contained the species.
d. Median and range of number of individuals per liter in all cores where the species

was found.
e. Proportion of cores in which the species was among those making up 50% of the wet

weight. Summation in each core began with the heaviest species.



1.5 Moffett Lagoon

T h e  Moffet  L a g o o n s i te  loca ted  nor th  o f Izembek  Lagoon  w a s  a

l o w - g r a d i e n t  mudflat f a c i n g  w e s t  ( F i g s .  1  a n d  9; T a b l e  1 ) . The  substra te

was c o m p o s e d  o f  s i l t y s e d i m e n t  w i t h  l i t t l e  eelgrass o r  o t h e r  v e g e t a t i o n

present . The ent i re  area  for  a  considerable  d is tance around the  s i te  was

s i m i l a r  w i t h  r e s p e c t  t o  a n  a b s e n c e  o f  eelgrass. Elevat ions ranged f rom

0.58  meters  a t  the  shore l ine  s ta t ion  to -0 .12  meters  a t  the  most  seaward

sampiing station.

T h e  s c a r c i t y  o f  biota e x p r e s s e d  a s b i o m a s s  w e t  w e i g h t  p e r  1 0 0  cm2

s a m p l e  a r e a  i s  s u m m a r i z e d  i n  F i g .  1 0 . The most  numerous species  was

Rhynchospio sp. o f  w h i c h  a  t o t a l  o f  5 1  i n d i v i d u a l s  w a s  f o u n d  i n  a l l  t h e

samples. The numbers of individuals of other species included 7 Edotea sp. ,

5  Pontoporeia affinis, 1 Laonice c i r r a t a ,  11 n e m a t o d e s ,  4  oligochaetes,

1 Lysianassid,  1 nemertean, 1 Maldanid f r a g m e n t ,  a n d  o n e  u n i d e n t i f i e d

amphipod.

Most of the biota was found in the O to 3 cm stratum of the core sample,

a l t h o u g h  Rhynchospio sp. was near ly  equal ly  d iv ided between the  0 to 3 cm

and the  3  to  6  cm deep s t ra ta  in  the  samples . Some contamination of the

sample may have occurred because two individuals of the genus Pontoporeia,

normally shallow burrowers, were found in the deepest (6 to 9 cm) stratum.

1.6 Blaine P o i n t

Blaine P o i n t  l i e s  a t  t h e  t i p  o f  t h e  p e n i n s u l a  s e p a r a t i n g  Izembek a n d

M o f f e t  L a g o o n s  ( F i g s .  1 and 9 ) . We collected eleven 4. 4-l i ter cores on a

152 m long t ransect  in  an  eelgrass bed (F ig .  11 ,  Table  1 ) . All but one core

were  taken be low MTL; 55% were taken below MLLW. Two of the 11 cores

collected were poorly fixed and were not used in the analysis.
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Fig. 11. Blaine Point site. 15 June 1976.
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and

Potamogetor-taceae (presumably Zostera

shotied  the greatest wet weight (Table

marina) occurred in all samples

4) in all but one sample (at the

lowest tidal level) in which Macoma brota was preponderant.

T h e  n u m b e r  o f  s p e c i e s  i n  o u r  s a m p l e s  a v e r a g e d  31. Polychaetes

constituted an average of 60% of the species present in each plot; at least 43

s p e c i e s  of polychaetes w e r e r e p r e s e n t e d  i n  o u r  s a m p l e s  ( A p p e n d i x  11-6).

Nine  of the ten plant or animal species with the greatest average wet weight

(as indicated by average rank) in Blaine Point samples were poiychaetes; five

of these species were present in ail samples (Table 4).

N e x t  t o  Polychaeta, Bivalvia a n d  G a s t r o p o d a  w e r e  t h e  m o s t  d i v e r s e

groups wi th  f ive  and four  species , respectively, found in our samples (Table

4 ) . When they occurred, bivalves and gastropod usually ranked high in wet

weight,  but no species belonging to these groups occurred in more than three

samples. Unidentif ied bivalves and gastropod without shells were present in

all samples.

Other major phyla of invertebrates were never represented by more than

two species.

unidentif ied red

A m o n g  t h e  a l g a e  o n l y  Ahnfeltia sp. , ~. Q!!SE@ and

and brown algal fragments were present.

1.7 I zembek Lagoon

The Izembek Lagoon site was on a low-gradient mud flat with a northern

exposure  (F igs .  1  and 9;

mud covered with eelgrass

One t ransect  running

Table  1 ) . The substrate was composed of silt and

(approximately 80%).

approximately north was established normal to the

shoreline. Nine  10  cm3 (1 !?) cores were taken, one every 15 meters seaward

to 13.5  meters; one addi t ional  sample  was taken near  the  water ’s  edge,  205

meters  hor izonta l  d is tance a long the  t ransect . Four selective core samples

were removed in areas with little or no eelgrass cover at elevations of 0.77 m,
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T a b l e  4 .  S t a t i s t .

average

Species

cs for the ten species of plants and invertebrates showing the greatest

rank at the transect at Blaine  Point, Izembek Lagoon.

Avera e
a

Wet Frequency /f
rank Weight (g) b occurrence Abundance d Dominance e

Potamogetonaceae 33.2

Haploscoloplos  panamensis  28 .6

Praxillella  affinis 27.0

Anaitides maculata 22.2

Owenia fusiformis 20.9
H
WI
W Harmothoe  imbricata 20.4

Capitella capitata 19.1

Eteone longs 16.2

Pholoe minuta 14.8

318, 3 . 6 - 5 3 9 . 8

0 . 3 ,  0 . 0 2 - 1 . 3

0 . 6 ,  0 . 0 4 - 2 . 5

0.05, 0,03-0.4

0.07, 0.002-0.4

0.3, 0.06-0.5

0.5, 0.02-1.3

0.05, 0.01-0.1

0.03, 0.003-0.07

0.02, 0.002-0.06

1

1

0.89

1

1

0.78

0.67

0.89

1

1

37, 3-94

46, 17-117

5, 1-17

5, 1-26

9, 1-12

4, 2-6

54, 9-155

7, 1-16

6, 1-35

8 / 9

o

0

0

0

0

0

0

0

0

a. Rank of wet weight of each species averaged over nine cores (1, lowest weight).
Species listed in order of decreasing rank.

b. Median and range of wet weights per liter in all cores where the species was found.
c. Proportion of quadrats that contained the species.
d. Animals only; median and range of number of individuals per liter in all cores where the

species was found.
e. Proportion of cores in which the species was among those making up 50% of

the wet weight. Summation in each core began with the heaviest species.



0.68 m, 0.55 m, and 0.06 m. In

( d e n s i t y / 1 0 0  c m2) or wet weight

the  ana lyses , mean number of species

biomass per s t a t i o n  a n d  the s t a n d a r d

deviation of the mean were computed for selected species and expressed as

number  (densi ty )  or  weight  per  100  cm2 area  ~ s tandard devia t ion of  mean.

The elevations along the transect gradually decreased from the high to

upper low intertidal zones, except for a sl ight elevation increase at station 6

(Fig. 1 2 ) . T h e  t r a n s e c t  g r a d i e n t  w a s not iceably  s teeper  for  the  two low

intertidal stations, 10 and 11. Station 10 (elevation 0.37 m) was omitted from

the analysis and figures because

Eelgrass biomass varied in

a t  s t a t i o n  7  ( c o n t a i n i n g  1 g) to

of poor preservation of the sample.

the higher elevation stations from a low value

intermediate  va lues  a t  s ta t ions 1 and 3, and

higher  va lues a t  s ta t ions 2 ,  4 ,  5 ,  6  (F ig .  12) . Eelgrass biomass was highest

at the more seaward stations, s ta t ion  8  (389  g)  and s ta t ion  11  (297  g;  F ig .

12 ) . At station 9, eelgrass biomass was similar to the moderate values of the

higher elevation stations.

The community at the site was composed primarily of polychaetes,  one or

t w o  s p e c i e s  o f  pelecypods, a n d  e e l g r a s s  ( F i g .  1 3 ) . A smal l  unident i f ied

pelecypod contr ibuted s igni f icant ly  to  the  animal  b iomass at  every  s ta t ion.

IVlacoma balthica w a s  f o u n d  o n l y  a t  o n e  s t a t i o n . The polychaetes dominat ing

the animal biomass at most stations were Haploscoloplos panamensis, Harmothoe

imbricata, Nephtys  sp .  , a n d  Praxillella affinis. A s t a l k e d  s e a  a n e m o n e

c o n t r i b u t e d  t o  t h e  b i o m a s s  s i g n i f i c a n t l y  a n d  w a s  p r e s e n t  a t  s i x  s t a t i o n s .

Species not shown in Figure  13  which contr ibuted large  proport ions of  the

biomass a t  s i n g l e stations w e r e  Telmessus cheiraqonus, a n  u n i d e n t i f i e d

amphipod, and a stalked tunicate and anemone.

T h e  m o s t

t ransect  s ta t ion

n u m e r o u s  s p e c i e s  r e c o r d e d  a t  t h e  s i t e ,  p r e s e n t  i n  e v e r y

but  absent  in  two se lected samples ,  was the  unident i f ied
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pelecypod w i t h m a x i m u m  c o u n t  o f  1 , 1 6 0  i n d i v i d u a l s  a t

unident i f ied  gastropod occurred in six stations along our

selected samples, with a peak count of 125 individuals.

one station.

transect and in

Animal biomass

An

two

for

the  lzembek L a g o o n  s i t e  i s  s h o w n in Figure 13 as  b iomass-p lants  (b iomass

minus plants) and ranged from 0.2 to 12 g per sample.

Polychaetes contributed the most species per taxonomic group at the site

wi th  approximate ly  36  species  or  groups represented. The most numerous

s i n g l e  polychaete species at the site was Fabricia sabella wi th  219 indiv iduals

at  an  upper  in ter t ida l  s ta t ion  (s ta t ion  2 ) ; the same species was represented

by only six individuals at one other station. Haploscoloplos panamensis was

present in every coring sample except three (of 15) and the highest density

of 5 1  i n d i v i d u a l s  ( a v e r a g e 2 1  t 6 )  o c c u r r e d  a t  s t a t i o n  9 ,  a  l o w  i n t e r t i d a l

station. Capitella capitata was present in 10 samples with the highest density

of 1 9 5  i n d i v i d u a l s  ( a v e r a g e  7 3  t 2 5 )  a l s o  o c c u r r i n g  a t  s t a t i o n  9 . Other

pol ychaetes wi th  densi t ies  usual ly  greater  than 10  per  s ta t ion  for  a t  least

o n e  s t a t i o n  i n c l u d e d  Praxillella affinis, Eulalia bilineata, C h a e t o z o n e  setosa,

Phvllodocids, E t e o n e  Ionga, Sphaerosyllis pirifera, Nephtys s p .  ,  a n d  Anaitides

groenlandica.

Crustaceans were not abundant. Caprellidae was represented in nine of

t h e  t r a n s e c t  s t a t i o n s  a n d  o n e  s e l e c t e d  s t a t i o n  w i t h  a  h i g h  c o u n t  o f  2 5

indiv iduals  a t  s ta t ion  11  (average 6  f 2). Unidentif ied amphipods, Ampi thoe

s p .  ,  a n d  Corophium s p . were also present in densit ies of 21 per station or

less. O t h e r  g r o u p s  p r e s e n t  i n c l u d e d  n e m a t o d e s ,  n e m e r t e a n s ,  ectoprocts,

oligochaetes, tanaids, sea algae fragments, and anemones.

A correlation between total wet weight of eelgrass and number of species

present was tested for the combined sample (four selected samples and 1 0

transect samples) employing a regression analysis program. The correlation
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between b iomass of  ee lgrass and number  of  species  was h ighly  s igni f icant

( T a b l e  5). The correlation between biomass and species was also evident by

comparing the number of species in samples from areas of low eelgrass cover

( s e l e c t e d  s a m p l e s )  w i t h  t h e  n u m b e r s of s p e c i e s  f r o m  a r e a s  w i t h  h i g h e r

eeigrass c o v e r  ( t r a n s e c t  s a m p l e s ) . The average number  of  species  in  the

selected samples was 4 t 3 c o m p a r e d  w i t h  2 2  t 2 for the t r a n s e c t  s a m p l e s .

The average wet-weight eelgrass biomass of the selected samples was 8.5 t

1.2 g compared with 164 t 40 g for the transect stations.

1.8 Operl Island and Cape Glazenap

Three similar sand-spit  beaches were sampled near the west entrance to

Izembek Lagoon, Alaska Peninsula  (F igs .  1 ,  9, and 16; Table 1).

T h e  Operl Is land s i te  (F ig . 14) was on the seaward side of Operl Island,

a narrow barrier sand spit  about 16 km in length. TWCJ cores were collected,

one at low tide at the water’s edge and the other in dry sand at about mid-

ticie level. The beach was exposed to the ful l  force of the ocean surf and

was composed of loose, coarse, volcanic sand. No macrofauna were found but

n u m e r o u s  r a z o r  c l a m  (  Siliqua patula) s h e l l s  l i t t e r e d  t h e  b e a c h  a t  a l l  t i d e

levels, e v i d e n c e  o f  a subtidal p o p u l a t i o n o f  c l a m s  o f f s h o r e . Scattered

i r regular ly  in  the  mid- to high-tidal zone were distinctive patches of dark dry

sand, ranging in  s i z e  u p to about 100 meters in area (Fig. 15). Later

analysis revealed that these patches were of  sand grains w h i c h  w e r e

m a g n e t i c a l l y  a t t r a c t e d  t o  e a c h  o t h e r , c a u s i n g  t h e i r  s t r i k i n g  a p p e a r a n c e

compared with adjacent unmagnetized sand. T h i s  w a s  t h e  o n l y  s i t e  i n  t h e

B e r i n g  S e a  a n d  N o r t o n  S o u n d  w h e r e  m a g n e t i c  s a n d  w a s  o b s e r v e d .  N o

organisms were found in later examination of the two core samples from Operl

Island.
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Table 5. Analysis of variance of l inear regression for number of species vs.

wet weight of eelgrass at Izembek Lagoon.

Source DF SS MS F

Total 13 914

R e g r e s s i o n  ~ 678.8 678.8 3 4 . 6 * *

Residual 12 235.2 19.6

R-Square = 0.74

DF = Degrees of freedom

SS = Sums of squares

MS = Mean squares

F = F-distribution value

** = Significant at the 1% level of testing
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Fig. 14. Operl Island sand sample site. Bering Sea on right.
16 June 1976.

Fig. 15. Operl Island site. J.ight-colored patch about 2 m
in diamater to left of figure is black magnetic
sand. Small, light-colored objects are razor clam
shells and pumice rocks. Bering Sea On right;
grass covered dunes on left. 16 tJune 1976.
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The Cape Glazenap site (Figs. 1 and 16) was near the eastern extremity

of Cape Glazenap. Four cores were collected, two on the seaward side of the

Cape (S i te  A)  and two on the  lagoon s ide  of  the  Cape (S i te  B) .  At  each of

the  two s i tes , as at  Operl I s l a n d , one core was collected at low tide at the

water’s edge and another was collected at about the mid-tide level.

T h e  1  - l i t e r  c o r e  a t  t h e  w a t e r ’ s  e d g e  o n  t h e  s e a w a r d  s i d e  o f  C a p e

Glazenap conta ined 73  polychaetes of a single genus, Saccocirrus, w h i c h  w a s

unexpected on th is  apparent ly  unproduct ive  h igh-energy beach. The other

core  sample  f rom the  mid- t ide  leve l  had only  a  few f ragments  of Fucus sp. ,

sea  grass  (probably  Zostera  mar ina) ,  and polychaetes. The site is adjacent

to  b io logica l ly -product ive  Izembek Lagoon, so most biotic fragments probably

originated in the lagoon.

The two core samples

recognizable  biota, despite

from the lagoon side of Cape Glazenap contained no

this site’s location inside the lagoon. The lack of

organisms was probably  a t t r ibutable  to  the  unstable  and constant ly  sh i f t ing

silt-sand substrate.

1 . 9  A m a k  I s l a n d

Amak Island is a rocky island of volcanic origin located in Bristol Bay

nor thwest  o f  Izembek Lagoon on the Alaska Peninsula (Figs. 1 and 17; Table

1 ) . T h e  s h o r e l i n e  h a s  s t r e t c h e s  o f  b e a c h  b o u l d e r s  b r o k e n  b y  s t e e p  t o

ver t ica l  c l i f fs . The area  we sampled is  on the  southwest  shore  of  Amak

Island, an area  of  low b luf fs  f lanking a  bedrock and medium-boulder  beach

( F i g .  1 8 ) .

The intertidal study site on Amak Island yielded 101 species of algae and

inver tebrates . The most conspicuous features along our 75 m transect were a

band of Fucus sp. f rom 1 m through 49 m,

m through 68  m; Alaria prov ided greater
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. .

Fig. 18. View of transect at Anak Island sampling site.
19 July 1975.
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the  medium boulders  in  the  low zone typica l ly  had a  heavv cover of Alaria

Sp. , coral line algae, and sponges. The inver tebrates  were  predominant ly

s m a l l e r  f o r m s  s u c h  a s  polychaetes, s m a l l  g a s t r o p o d , n e s t l i n g  pelecypods,

amphipods, a n d  isopods. Mussels were sparse. We did not find any Mytilus,

b u t  Modiolus modiolus  was col lected in  two quadrats. The barnacles Balanus

glandula r B .  cariosus, and Chthamalus dalli were  col lected in  smal l  numbers—

from a  to ta l  o f  n ine  quadrats  for  the  three  species . Few predators  were

observed. L e p t a s t e r i a s  h e x a c t i s  a n d  Ophiopholis aculeata  were the only sea

stars  co l lected  and were  not  abundant . The carnivorous snails Nucella lima

a n d  N. Iamellosa  were each collected in two quadrats. Although there were—

bird  rooker ies  in  the  area , no birds were observed in the immediate vicinity

of  our  s tudy area , and there were no obvious signs of predation by birds.

1.10 Cape Lapin

The Cape Lapin  s i te , on the  nor th  s ide  of Unimak Is land,  l ies  below a

high b luf f  headland fac ing nor th  (F igs .  1  and 19;  Table  1 ) . The  substra te

of the  s i te  consists  of  large  and smal l  boulders  and rubble  pavement .  To

either side of the sample area are sandy beaches f lanked by eroding banks.

Further to the east and west,  high bluffs predominate. Exposure of the site

to surf and current-transported sand and sediment was evident.

Four transects were established: one running at 340° magnetic and at

right angles to the shoreline and three placed horizontally at r ight angles to

the normal transect. Sampling on the normal transect was done systematically

with a 1/16 mz quadrat every 5 m, beginning at O m, to 40 m, which was the

level of low tide on 17 June 1976. T h e  t h r e e  p a r a l l e l  t r a n s e c t s  w e r e

established by a stratifying procedure at the 8, 19, and 32 m levels of the

normal transect. The 8 m transect fell in a relatively bare

pr imar i l y  by  Littorina sitkana  and Balanus glandula. The 19
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in  a  zone dominated by  Mytilus edulis and Balanus. The 32 m transect fell in

a  z o n e  d o m i n a t e d  b y  Mytilus, Balanus, and Fucus distichus.

Sampling i n  t h e  h o r i z o n t a l  t r a n s e c t s  f o l l o w e d  a  r a n d o m i z e d  n e s t e d

sampling design. Each transect was subdivided into 50 contiguous 1 m plots

freferred to  as  p lots  in  the  rest  o f  th is  sect ion) ,  and two p lots  a long each

transect  were  se lected randomly . Each p lot  was s u b d i v i d e d  i n t o  1 / 1 6  m2

quadrats of which two were sampled randomly. Random

permit ted  averaging and var iance ca lcula t ions and the

sampling within plots

application of normal

sampling theory for hypothesis testing. A further analysis of the Cape Lapin

data will be included in a separate manuscript to be published later.

The biota was subdiv ided in to  three  categor ies  depending upon re la t ive

wet -weight  b iomass of  the  species  or  group. A dominant-biomass category

included each species or group that was represented in one or more samples

w’!h a  b iomass exceeding 400  g  wet  weight . A secondary-biomass category

included species and groups in which at least one or more samples contained a

s p e c i e s  l e s s  t h a n  8 0  g  w e t  w e i g h t  a n d  g r e a t e r  t h a n  0 . 3  g  w e t  w e i g h t .  A

smal l -s ized category , des ignated the  ter t iary  b iomass category ,  conta ined

species and groups of 0.8 g wet weight or less. The highest wet weight of

any species or group established the biomass category for al l  other samples

belonging to the same species or group.

To facil i tate graphical descriptions of the biota, the  species  and groups

were assigned reference numbers (Table 7).

The distribution of total biomass in random pairs of quadrats within plots

by dominant ,  secondary , and tertiary categories is shown in Table 6. Biomass

was lowest  in  the  Littorina sitkana - Balanus glandula s t ra tum (LB)  wi th in  the

elevation range of 2.1 to 2.5 m when

( M B )  a n d  t h e  Mytilus- Balanus - Fucus

1.3 m and the 0.8 to 1.1 m elevations,

compared to  the  Mytilus eduiis-Balanus

distichus (MBF) s t r a t a  a t  t h e  1 . 0  t o

respectively.



Table 6.

Strata

Total biomass (g) and number of species or groups (in parentheses)

in pairs of 1/16 mz quadrats taken from mz plots in the Littorina

sitkana- Balanus glandula (LB) stratum, Mytilus edulis-Balanus  (MB)

stratum, and the Mytilus-Balanus-Fucus  distichus (MBF) s t ra tum,  Cape

Lapin.

Uni t Dominant Secondary T e r t i a r y Total

LB meter 1 9.95 (2) Oa o 9.95 (2)

meter 2 2 .90  (3 ) O a o 2 .90  (2 )

MB meter 1 599 .7  (1 ) 160 .56  (2 ) 0 .84  (15) 761 .10  (2 )

meter 2 111 .2  (1 ) 29 .9  (5 ) 0 .03  (5 ) 141.13 (11)

MBF meter 1 9 3 . 1  ( 2 ) 4 . 3  ( 6 ) 0 . 3 2  ( 7 ) 97 .72  (15)

meter 2 729 .4  (2 ) 126 .7  (6 ) 2 . 9 0  (19) 859 .00  (27)

a. Secondary biomass for the LB stratum is classified as dominant biomass.
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Table  7 .

1A.

I B .

I c .
ID.
I E .
I F .
I G .
2.
3.
4.
5.
6 .
7.
8.
9.
10.
11,
12.
13.
14.
15.
16.
17.
18.
19.

Fucus

Key to  the  species  and groups

distichus

!Z5QQS  fusco-PurPurea

Monostroma sp.
Desmarestia sp.
Porphyra sp.
Pterosiphonia bipinnata
Odonthalia c f .  washinqtoniensis

!!!!Y!@ edulis (>2.0 cm)
MY!@ edulis (1 .5-2.0 cm)
!!!!Y!& edulis (<1.5 cm)
Balanus glandula
Collisella Delta
Littorina s%na
Nucella lima
brown algae fragments
red algae fragments
flatworms
nemerteans and fragment(s)
E m  Iectonema  graci~
-
Nereis vexillosa.—
scale-worm fragment(s)
Pholoe  minuta
Phyllodocidae
Eteone Ionga

20.

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
37A .
38.
38A .
39.

identified in Ca~e Lapin samples.

Typosyllis a. admantea
(epitoke cofidition n o t
specified)
Typosyllis a . admantea with
epitoke –

Typosyllis a. admantea
Sphaerodor~psis minuta
Sphaerodoropsis sphaerulifer
Spionidae
Polydora quadrilobata
Fabricia sabella
Fabricia crenicollis
Oligochaete
Gastropod
Barleeia sp.
Pelecypod
Turtonia occidentals
Idotea wosnesenskii
Paramoera columbiana
Diptera larvae
sea anemone
hydroid
sea cucumber
Cucumaria pseudocurata
Ischyrocerus anguipes
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The d is t r ibut ion of  mean b iomass in  a  quadrat  averaqed over  pa i rs  of

q u a d r a t s  w i t h i n  p l o t s , a n d  n u m b e r s  o f  s p e c i e s  a n d  groups i n  d o m i n a n t ,

secondary ,  and ter t iary  categor ies

the stratum and plot,  the dominant

2 species, fo l lowed by  secondary

g r o u p s ,  a n d  t h e  t e r t i a r y  b i o m a s s

groups (Table 7, Figure 2 0 ) .

is shown in Figure 20. Depending upon

biomass category contained between 1 and

biomass composed of 5 or 6 species  and

composed of  5  to  20 s m a l l  s p e c i e s  a n d

The second plot of the MBF stratum (Table 6) was richest in numbers  of

species  and conta ined severa l  more  ter t iary  species  and groups with higher

biomass than other plots of the MBF stratum and the plots of the LB stratum.

T h e  n u m b e r  o f  i n d i v i d u a l s  o f  s p e c i e s in  the  dominant  and secondary

biomass categories is presented in Table 8. Balanus glandula  was numerically

most abundant, fol lowed by Littorina sitkana and small (<1.5 cm) Mytilus

edulis. Species  common to  every  s t ra tum were  i3alanus giandula, Collisella

pel ta ,  and L i t tor ina  sitkana.

For the dominant and secondary biomass categories, the least number of

i n d i v i d u a l s  o c c u r r e d  i n  t h e  LB s t r a t u m  ( T a b l e  6 ) . Variation in numbers of

i n d i v i d u a l s  w a s  p r o n o u n c e d  for all  size categories of Mytilus  edulis  w h e n

compared to other species (Table 8). Within plots, Balanus qlandu!a  showed

the highest variabil i ty.

For  only  the  large  and smal l  s ize  categor ies  of  Mytilus (see Table 8 ) ,

pairs of 1/16 m2 quadrat samples were more consistently similar in numbers of

individuals when comparisons were made within plots than between plots in

the same s t ra tum. Pairs

edulis, Collisella p e l t a ,

Balanus qlandula samples

the number of individuals

:0 compare.

of quadrat samples within plots for small Mytilus

a n d  L i t t o r i n a  s i t k a n a  w e r e  s l i g h t l y  l e s s  s i m i l a r ;

were least similar.

of Nucella l ima and
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For quadrat pairs within plots,

Fucus distichus  were too small
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‘Table 8 . Numbers of individuals of species in the dominant and secondary biomass categories by

stratum, Cape Lapin. Data from two l/16-m2 quadrats in each plot.

Stratum

LB MB MBF

meter meter meter
Species 1 2 1 2 1 2

Fucus distichus

Mytilus edulis (> 2 . 0  c m )

w  edulis (1”5-2”0 cm)
#
+4
* - edulis  (< 1 .5  cm)

Balanus qlandula 110 29 11

Collisella  pelta 1

Littorina sitkana 15 8 3

h.!ucella  lima

0 0 0

52 85 21

13 20 3

15 38 1

10 94 255 90

0 40 37 7

7 70 133 15

2 0 0

0

7

8

6

4

11

57

0

1 0 5

78 85 5

39 41 0

113 47 0

121 2 0

92 15 18

36 9 16

0 1 0

0

6

2

2

167

13

37

1

LB = I-ittorina sitkana-Balanus glandula  stratum

MB = Mytilus edulis-Balanus stratum

MBF = Mytilus-Balanus- Fucus distichus s t ra tum



Analys is  of  the  tota l  number  of  indiv iduals  in  sample  quadrats for the

t e r t i a r y biomass category showed oligochaetes t o  b e  t h e  m o s t  c o m m o n

organisms present . T h e y a p p e a r e d  i n  a l l  s a m p l e s  t a k e n , b o t h  1 / 1 6  m2

quadrats a n d  m2  p l o t s .  Eteone  Ionqa  a l s o

e v e r y  p l o t b u t  not  i n  e v e r y  q u a d r a t .

abundant species with 1416 indiv iduals

occurred f requent ly ,  appear ing in

Fabricia crenicollis w a s  t h e  m o s t

observed in a s i n g l e  q u a d r a t ;

Oligochaeta w a s only  s l ight ly  less

were common to both lower-elevation

Analys is  of  the d ist r ibut ion of

abundant. F .  crenicollis a n d  F .  sabella— —

strata but were not present in every plot.

biomass along 5-m intervals of a transect

normal to the shoreline for the systematic sample

Mytilus edulis to  be  the  most  common species .

s h o w e d  Balanus glandula and

These organisms contributed

the dominant biomass at

Secondary biomass

animal and two plant) of

the 15, 20, 25, and 35 m sites.

of the systematic sample contained six species (four

which I_ittorina sitkana was most common, followed by

Collisella  pelta. Littorina contributed the highest biomass for sites at 5,  10,

and 30 m. T h e  a l g a e  Bangia fusco-p urpurea  and Monostroma sp.  contr ibuted

the highest secondary biomass at the lowest elevation site, 40 m.

Tertiary biomass of the systematic sample contained 21 species or groups

o f  w h i c h  Odonthalia c f . washingtoniensis  contr ibuted the  h ighest  b iomass.

The most  common s~ecies were oligochaetes  which occurred in four of the nine

systematic samples.

1 . 1 1  C a p e  Mordvinof

Cape Mordvinof  is  on the  nor thwest  shore  of  Unimak Is land,  a long the

southwestern boundary o f  B r i s t o l Bay (Figs. 1 and 21 ; “Table 1). T h e

substra te  a t  the  Cape is  var ied . Adjacent to our study area is a black sand

beach cut  by  a  s t ream and a  Iowlying area  of  boulders  and tidepools w h e r e

Fucus distichus a n d  Odonthalia floccosa, b o t h  c o v e r e d  w i t h  t h e  e p i p h y t e

175



'1
1*

03 ho
d

0
m

ul
bw

,,
0

yv
oe

d

,b
o,

bd

rn
bh

rn
d

fl
ni

ils
x

.fl
.p

i
n.

1s
i.I be

4m
£

bn
.t ,th

bI
Iw

no
IJ

sj
,0

,v

w
v

i2rvvc2\fl

I1U

A
M

I
W

U

O
2G

U
0

C
o

m

3

In

76 “g



Soranthera ulvoides, were  abundant  a long wi th  large  patches of  filimentous

green algae. The most conspicuous invertebrates in this peripheral area were

Balanus balanoides, ~. cariosus, a n d  Mytilus edulis.

We establ ished our  t ransect  on  a  nearby

zonat ion-study s i te  on a large isolated boulder

an almost vertical, smooth face and dramatical

rocky point and an additional

( F i g .  2 2 ) . This boulder had

y exhibited distinct horizontal

banding- -but  proved ra ther  depauperate . The highest zone was dominated by

the red alga f-ialosaccion gland iforme along with oligochaetes and the

herbivorous gastropod Littorina sitkana. The next band was characterized by

the  presence of  the  red  a lgae  Porphyra  sp . a n d  Callophyllis flabellulata a n d

t h e  isopod Idotea wosnesenskii . Because of  t ida l  and sur f  condi t ions,  no
.$

samples w e r e  t a k e n  f r o m  t h e  t w o  l o w e s t  z o n e s  w h e r e  A l a r i a  s p . a n d  a n

unidentif ied bladed red alga predominated.

The bedrock substra te  a long the  t ransect  had a  she l f - l ike  appearance;

the substrate formed a series of plateaus separated by rather abrupt breaks.

The h ighest  s ta t ion  on the  t ransect  (M19) occurred in  a  t idepool  a t  2 .77  m

elevat ion and was dominated by  Odonthalia floccosa, which occurs  f requent ly

in low-gradient  wet  areas . The nest l ing b iva lve  Turtonia occidenta ls ,  o f ten

found wi th  Odonthalia, was abundant as were the gastropod Littorina s i tkana

a n d  L a c u n a  marmorata. w edulis a n d  l i m p e t s  w e r e  a l s o  p r e s e n t .  A

second station (M15) occurred at the same elevation but was not in a tidepool.

Here  the predominant  inver tebrate  was Balanus glandula; a moderate number

of littorines and smal l  amounts  of  the  red a lgae Porphyra sp. and Halosaccion

gland iforme were

approximate ly  the

elevation. These

Balanus glandula——.

more numerous at

also collected. T w o  q u a d r a t s  ( M 1 2  a n d

same level  in  the  mid- t ida l  zone,  on a

samples contained primarily Porphyra sp.

M9)  occurred a t

p la teau a t  2 .1  m

and the barnacles

a n d  Chthamalus dalli. O f  t h e  t w o  b a r n a c l e s ,  ~. dalli w a s

this station.
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Fig. 22. Cape Mordvinof sampling site. 24 July 1975.
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Two stations (M6 and MO) located in the lower intertidal zone exhibited

t h e  g r e a t e s t  s p e c i e s  r i c h n e s s  a t  t h e  C a p e  Mordvinof site; at both, Balanus

cariosus contr ibuted the  greatest  b iomass per  sample . The heavy p la tes  of

~. cariosus and the  in terst ices  between indiv idual  barnacles  provide  shel ter

and protection for numerous small organisms.

At  s ta t ion  M6 (e levat ion 0 .98  m) ,  Mytilus edulis c o n t r i b u t e d  t h e  s e c o n d

greatest biomass and B. qlandula th i rd  in  abundance.  Turtonia o c c i d e n t a l s ,—

nestl ing o n  t h e  r e d  a l g a  Pterosiphonia bipinnata, w a s  a l s o  f o u n d  a t  t h i s

Stati On a s  w e r e  l i m p e t s ,  s e a  a n e m o n e s ,  Cucumaria curata, Littorina aleutica,

two kinds of oligochaetes, several polychaetes, and coral l ine algae. At station

M O  ( e l e v a t i o n  0 . 3 0  m ) ,  s u b o r d i n a t e  species i n c l u d e d  K a t h a r i n a  tunicata,

Leptasterias hexactis, Collisella pe l ta , Chthamalus dalli, a n d  A l a r i a praelonqa

(represented b y  o n e  l a r g e  i n d i v i d u a l , 51.8 g w e t  w e i g h t ) . Turtonia

occidenta ls  and the  c lam Hiatella arctica, which attaches with byssal threads

o r  b o r e s  i n t o  t h e  s u b s t r a t e , were  both  col lected. These organisms were

probably  associa ted wi th  the  Alar ia  holdfast . Nine species of polychaetes

occurred in  th is  quadrat , most of which probably found shelter in the kelp

holdfast or in the interstices of barnacles.

A  t h i r d  s t a t i o n  (M3) it-l the IOW intertidal  zone at an elevation of  oo78 m

w a s  d o m i n a t e d  b y  Balanus glandula. We col lected  374  large  B. glandula—

(average size, approximately 20 mm) in this quadrat and noted that 90% of the

q u a d r a t  wss covered wi th  newly-set t led  juveni le  barnacles . Small limpets

were also abundant at this station.

1 .12  Sennet  Point ,  Unimak I s l a n d

S e n n e t  P o i n t  i s  s o u t h  o f  C a p e  S a r i c h e f  a t  t h e  s o u t h w e s t e r n  e n d  o f

Unimak.  I s l a n d  ( F i g s .  1  a n d  2 3 ) . It  is exposed to the full  force of storms

from both the Bering Sea and the Gulf of Alaska, although the sea was calm
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dur ing our  sampl ing. We sampled a bedrock bench with boulders and rubble

o n  i t s  s u r f a c e  ( F i g .  2 4 ;  T a b l e  1 ) . One quadrat (containing no macroscopic

organisms) w a s  l o c a t e d  a b o v e  M e a n  H i g h e r  H i g h  W a t e r  (MHHW). T h e

remaining six samples were col lected between MHHW and mean lower  low

water . Four  of  the  s ix  samples  conta in ing organisms were  taken f rom the

upper i n t e r t i d a l  z o n e  ( M H H W  t o  m e a n  t i d a l  l e v e l ) . We exc luded the  p lot

containing no organisms from the following analysis.

Littorina sitkana was the  only  species  found in  a l l  samples;  i t  had the

highest average rank in wet weight (Table 9 ) . Other important herbivores

which occurred in the samples were Collisella  spp. and Katharina  tunicata.

T h e  a v e r a g e r a n k s  o f  w e t  w e i g h t  o f  C .  p e l t s  a n d  K .  tunicata w e r e  h i g h— —

( T a b l e  9 ) ,  b u t  t h e  o t h e r  h e r b i v o r e s  Collisella sp. , ~. d i g i t a l i s ,  a n d  ~.

striqatella occurred infrequently (frequency of occurrence, f  <0.  33) and were—

low in  abundance (~10 individuals per sample) and small  (wet weight ~0.2 g).

A single individual of Nucella l ima occurred in one sample. Nucella was

the only  major  predator  (one which could  p lay  a  major  ro le  in  communi ty

dynamics) in our samples. This is not surprising because quadrat size and

t h e  n u m b e r  o f  s a m p l e s t a k e n  w e r e  t o o  s m a l l  t o  a d e q u a t e l y  e s t i m a t e  t h e

population sizes of major predators.

Among the primary competitors for space at Sennet Point,  Mytilus edulis

was uncommon (found in two quadrats; abundance, 2 and 19), and individuals

were smal l  (shel l  length  < 1.5 cm) in our samples. Balanus cariosus (B C), B.—

giandula (BG), a n d  Chthamalus dalli ( C D )  w e r e  r e l a t i v e l y  u n c o m m o n  ( e a c h

species occurred in  33% o f  o u r samples)  and w e r e  h i g h l y  v a r i a b l e  i n

abundance ( range of  number  of  ind iv iduals  per  1 /16  mz was:  BC,  4 -33;  BG,

47-223;  CD,  65 -1154) .
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Fig. 24. Sennet,Point site; view of upper portion of
Transect 2. 8June 1976.
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Table 9 . Statistics for the 10 species of invertebrates showing the greatest

average rank on the transect at Sennet Point,  Unimak Island.

Avera e8 Wet Frequency ?f
Species rank w e i g h t occurrence Abundance d Domi nancec

Littorina sitkana 13.7 3.4, 0.002 -51.2 1 23, 1-391 1 / 6

Porphyra  sp. 10.7 32.2, 0.06-35.1 0.5 -- 2/6

Collisella p e l t s 10.3 - 3 .4 , -’1.3-4.4 0.5 18, -9-19 0

Katharina  t.unicata 10.2 15.7, 8.4-23 0.33 1/6

Alaria sp. 10.2 10.7, 2.4-19 0.33 -- 0

Corallinaceae  (crustose)  9 . 2 3 . 3 ,  1 . 4 - 5 . 2 0 .33 - - 1 /6

Cucumaria pseudocurata 8 . 5 0 . 7 ,  0 . 3 - 1 . 1 0 .33 34, 22-47 0

Idotea fewkesi 8.3 0.1, 0,009-0.2 0.5 3, 3-4 0

Halosaccion  sp. 8.2 0.4, 0.1-0.8 0.33 -- 0

Tonice?la Iineata 8 . 0 1 . 8 ,  1 . 7 - 1 . 9 0 .33 1 ,  1 -2 0

a. Rank of wet weight of each species averaged over 6 quadrats (1,  lowest weight).
Species l isted in order of decreasing rank.

b. Median  and range of wet weights per liter in all quadrats where the species was
found.
Proportion of quadrats that contained the species.

:: Animals only; median and range of number of individuals per 1/16 m2 in all
quadrats  where the species was found.

e. Proportion of quadrats in which the species was among those making up 50% of the
wet weight. Summation in each quadrat began with the heaviest species.
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1 . 1 3  A k u n  I s l a n d

Akun Island is in the Aleutian Islands and is the nor thernmost  is land of

the Krenitzin g r o u p . Akun Is land l ies  23 mi les  southwest  of  Unimak I s l a n d

(F igs . 1  a n d  2 5 ;  T a b l e  1 ) . Our study site was on the southwest shore of

A k u n  I s l a n d , f a c i n g  A k u n  S t r a i t , and was somewhat protected from ocean

uaves b y  o f f s h o r e  r o c k s  a n d  r e e f s . T h e  w a t e r s  i n  t h e  v i c i n i t y  o f  A k u n

Is land are  wel l  known for  r ip  t ides  and st rong currents . I n  Akun S t r a i t ,

b e t w e e n  A k u n  a n d  A k u t a n  I s l a n d s , c u r r e n t s  h a v e  b e e n  e s t i m a t e d  a t  a

maximum velocity of 12 knots. Fig. 26 shows the study site at slack water.

The reef we sampled had a heavy cover of algae and invertebrates which

was composed of a high number of species. We collected 156 species on Akun

island  as compared to 101 spec ies  on  Amak Is land . Three species of

barnacles were found (Balanus glandula, Q. cariosus,  a n d  Chthamalus  dalli);

Balanus cariosus  was most abundant, being found in 18 of 20 quadrats.  The

m u s s e l s  Mytilus edulis a n d  Modiolus modiolus w e r e  e a c h  f o u n d  i n  t w o

quadrats . Only  smal l  (<1 .5 cm) Mytilus were present in one quadrat,  and in

t h e  s e c o n d , which conta ined main ly l a r g e  (>2.0 c m )  Mytilus, 1 8  o f  2 1

i n d i v i d u a l s  w e r e  d e a d . W e  f o u n d  3 4  s p e c i e s  o f  polychaetes i n  s a m p l e s

collected along the 58 m transect; no species occurred in more than 11 of 20

quadrats and severa l  species  occurred in  only  one quadrat .  Gastropod were

especially abundant and well  distributed. We found 13 species of gastropod

o f  w h i c h  Littorina sitkana, M a r g a r i t a s  helicinus, and Barleeia sp.  a l l  occurred

i n  1 3  o r  m o r e  q u a d r a t s . T h e  n e s t l i n g  b i v a l v e s  Turtonia occidentaiis a n d

Musculus discors o c c u r r e d  i n  t h a n  h a l f  t h e  q u a d r a t s  a n d  e x h i b i t e d  t h e

greatest number per quadrat of any species. Turtonia occ identa ls  averaged

1539 individuals p e r quadrat . Predators were not abundant . T h e

carnivorous snail  Nucelia lima was found in seven quadrats, and the small sea
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Fig. 26. Alan Island, Aleutian Islands. View of sampling
area at low tide. 18 July 1975.
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star Leptasterias hexact is was present  in 11 quadrats. Alga l  cover  was

moderately heavy with no particular species or group dominant. We collected

eight  species  of  green a lgae ,  13  species  of  red  a lgae ,  and f ive  species  of

brown algae. Many of the red algae species were f inely branched, providing

e x c e l l e n t  h a b i t a t  f o r  t h e  g a s t r o p o d  a n d  n e s t l i n g  b i v a l v e s  w h i c h  w e r e  s o

abundant at this site.

1 .14  E ider  Point ,  Unalaska Is land

The Eider Point site, located on the western shore of Unalaska Bay,

Unalaska I s l a n d  ( F i g s . 1 and 27; Table 1),  consists of a low-gradient beach

facing east. The substrate  was composed of  cobble ,  medium rocks,  and

boulders  (F ig .  28) . A steeper-gradient bedrock beach occurred north of the

site below some high bluffs and a beach spit extended in a southerly direction

from the site.

Four transects were established, one running at 50° magnetic and normal

to the shoreline and three perpendicular to the normal transect. Sampling on

the normal transect was systematic with a 1/16 mz quadrat placed every 5 m,

beginning with O m at 2.17 m elevation and ending 35 m away at the zero m

(zero  t ide)  e levat ion . Horizontal transects were established

p r o c e d u r e  a t  t h e  0 . 6 1  m  e l e v a t i o n  c o n t o u r  ( r a n g e  0 . 4 0

Transect  2 ,

the 0.06 m

selectively

Transect  3

the  0 .06  m contour  ( range -0 .12  to  0 .52  m)  for

contour  ( range -0 .15  to  0 .24  m)  for  Transect  4 .

placed in an area in w h i c h  L i t t o r i n a  s i t k a n a

fe l l  in  a  zone dominated by  Fucus. Transect  4

z o n e  d o m i n a t e d  b y  Balanus cariosus and Alaria sp. (Fig. 29).

by a s t ra t i fy ing

to 1.19 m) for

Transect 3,  and

Transect 2 was

was preva lent .

was placed in a

Sampling in the  s t ra ta  fo l lowed a  randomized nested sampl ing design.

Each st ra tum was subdiv ided in to  20  cont iguous 1  m2 p l o t s  ( m2 plots will be

ca l led  p lots  in  the  rest  o f  th is  sect ion)  a long each hor izonta l  t ransect ,  and
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Fig. 28. Site at Eider Point, Unalaska Island. 14 June 1976.

Fig. 29. View of the Alaria stratum and Transect 4 at Eider
point, Unala~land. 14 June 1976.
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4 plots in each stratum were randomly chosen for  sampling. Each plot was

then subdivided into 16 quadrats 1/16 mz in size of which two quadrats were

s a m p l e d  r a n d o m l y  ( e x c e p t  i n t r a n s e c t  4 w h e r e  o n e  r a n d o m  q u a d r a t  w a s

analyzed in one plot ,  three random quadrats in a second p lot ,  and two

random quadrats in each of the remaining plots were analyzed).

The biota was subdivided into four biomass categories for each stratum

depending upon re la t ive  wet -weight  b iomass of  the

dominant category I  included each species or group

one or more samples and had a biomass exceeding 15

species  or  group. T h e

that was represented in

g  w e t  w e i g h t .  C a t e g o r y

11 included organisms which occurred i n

greater  than 1 .7  g  wet  weight  and less

contained species and groups from 0.18

one or more samples and which were

t h a n  15 g  wet  weight . Category  111

to  1 .7  g  wet  weight . A small-sized

category, defined as category IV, contained species and groups of 0.18 g wet

weight or less. The greatest wet weight of any species or group established

the biomass category for al l  other samples belonging to

g r o u p .

Figure 30 shows the biomass by quadrat,  elevation,

the same species or

and species. Total

biomass is divided into four categories. The f i rs t  quadrat  a long Transect  1

was the 5 m quadrat at 1.2 m elevation which contained only an egg case; the

10 m quadrat  a t  0 .52  m e levat ion conta ined Balanus glandula a n d  L i t t o r i n a

sitkana. The 15 m quadrat at the -0.01 m level contained Strongy Iocentrotus

droebachiensis  in category I . Collisella pelta contributed the highest biomass

of the three species in category 11. Four species were present in category

111 of which Marqarites beringensis c o n t r i b u t e d  t h e  h i g h e s t  b i o m a s s . Four

species were present in category IV of which Eulalia quadrioculata contributed

the highest biomass.
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The 20 m quadrat at 0.09 m elevation c o n t a i n e d  Ba!anus cariosus of

category 1, three species in category 11 of which Collisella pe l ta  contr ibuted

the  h ighest  b iomass for  a l l  quadrats  of  the  t ransect  for  that  category ,  ten

species i n  c a t e g o r y 111 o f  w h i c h  Fabricia sabella

b i o m a s s  f o r  t h e  q u a d r a t ,  a n d  e i g h t  s p e c i e s  i n

Spongomorpha s p . contributed the highest biomass of

contr ibuted the  h ighest

category IV of  which

the  quadrat .

T h e  30 m quadrat at the  0 .25  m leve l  conta ined only

c a t e g o r i e s  1 a n d  11. I n category III there were six

Chlorophyta contributed the highest biomass. I n category

contributed the highest biomass of ten

The 35 m quadrat at the 0.09 m

I-iiatella arctica f o r

s p e c i e s  o f  which

lV, Achelia chelata

species.

elevation contained the greatest number

of s p e c i e s  i n  e a c h  of the six quadrats. The highest biomass in any quadrat

w a s  r e p r e s e n t e d  b y  Balanus cariosus in

composed category II of which Nereis

biomass. Eight species were represented

the 35 m quadrat. Five species

pelagica c o n t r i b u t e d  t h e  h i g h e s t

in category III, with  the  h ighest

biomass of t h e  c a t e g o r y f o r  a n y  q u a d r a t  r e p r e s e n t e d  b y  u n i d e n t i f i e d

Zoantharia. T w e n t y - s i x  s p e c i e s  w e r e  p r e s e n t  i n  c a t e g o r y  IV o f  w h i c h

Monostroma s p .

category.

The plateau

30 m quadrats.

c o n t r i b u t e d  t h e  h i g h e s t  b i o m a s s  o f  a n y  s p e c i e s i n  t h i s

area landward of 35 m was sampled by the 15 m, 20 m, and

No species was common to al l  three quadrats and only eight

quadrat pairs shared a species. I n contrast, the species-rich 35 m quadrat

s h a r e d  16 of  the  to ta l  42  species  that  occurred once or  more  wi th in  three

quadrats l a n d w a r d  o f  a n d  n e a r e s t  t o  3 5  m  a n d  w i t h i n  t h e  s a m e  e l e v a t i o n

range.

Category I, which constituted 91% of the biomass in the Littorina-Balanus

stratl~m  of t h e  n e s t e d  r a n d o m  s a m p l e  d e s i g n , w a s  r e p r e s e n t e d  b y  Balanus

IQ)



glandula a n d  B .  cariosus. Category  I I  const i tu ted  8% of the biomass of this—

stratum and was composed in descending order  of  b iomass by  Notoacmea

scutum, Littorina sitkana, Collisella pel ta , Nucella l i m a , Porifera, a n d

Chthamalus dalli. Category 111, which constituted 1% of the stratal b iomass,

was composed in  descending order  of  b iomass of  Buccinum baeri, Endocladia

Sp. , Fucus Sp. , Notoacmea persona, Pagurus beringanus, Cucumaria

pseudocurata, Gigartina sp. , and Pagurus sp. Category  IV constituted <0.  1%

of the biomass of the stratum and was composed in descending biomass of

Margar i tas  berinqensis, Typosyllis a. adamantea, Potamilla neglects ,  Paramoera—

columbian~, Fabricia crenicoll is, Terebellidae, and by other species ranging ir,

wet weight from 0.002 to 0.02 g or those whose presence but not weight was

The 32 species and groups collected within the Littorina-Balanus stratum

had a total wet weight of 477 g. Littorina s i tkana was common to  every

q u a d r a t  w i t h i n  t h e  s t r a t u m . Balanus s p . w h i c h  c o n s t i t u t e d  t h e  h i g h e s t

biomass was common to seven of the eight quadrats collected in this stratum.

C a t e g o r y  I c o n s t i t u t e d  9 1 %  o f  t h e  w e t - w e i g h t  b i o m a s s  o f  t h e  Fucus

stratum and was composed in  descending biomass of  St rong ylocentrotus

droebachiensis, Balanus cariosus, u n i d e n t i f i e d  balanids, and unident i f ied

coelenterates. Category 11 species constituted 8% of the wet weight biomass

for  th is  s t ra tum and inc luded Notoacmea scutum, Collisella p e l t a ,  K a t h a r i n a

tunicata, and Heliasteridae. Leptasterias sp. ,  Balanus glandula, Chthamalus

dalli, a n d  Rhynchocoela const i tu ted  category 1 1 1  a n d  0 . 4 %  o f  t h e  stratal

biomass. The 28 category IV s p e c i e s and groups const i tu ted 0 .2% of  the

wet-weight biomass o f  t h e  Fucus  s t r a t u m . T h e  f i v e  s p e c i e s  a n d  g r o u p s

contributing most biomass (70%) to category lV were Echinoidea, Nereis sp. ,

Porifera, Rhodophyta, and Margar i tas  beringensis. The remaining 23 species
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and groups of category IV contributed 30% of the biomass to this category.

A total of forty species or groups was identif ied for the Fucus s t r a t u m ;  t h e y

had a collective wet weight of 416 g.

The selection of the Fucus stratum at the 0.06 m (range -0.12 to 0.52

m) elevation level was based upon the presence of an obvious Fucus sp. band

paralleling the shoreline at the site. However, of the eight quadrat samples

taken in the Fucus s t r a t u m , only  one quadrat  conta ined Fucus sp. (0.15 g).

The d is t r ibut ion of  mean wet -weight  b iomass in  random quadrats wi th in

random plots by four biomass categories is shown for the Alaria s t ra tum at

Eider  Point  (F ig .  31) . Category I  constituted 98% of the wet-weight biomass

of the Alaria s t ra tum and is  represented in  descending b iomass by  Balanus

cariosus, Strong ylocentrotus droebachiensis , A l a r i a  c r i s p s ,  ~. q. taeniata,

a n d  Katharina  tunicata. There were 11 species and/or groups in category I I

w i t h  l-iiatella arctica c o n t r i b u t i n g  t h e  g r e a t e s t  b i o m a s s ,  f o l l o w e d  b y  Palmaria

palmata a n d  Mytilus  edulis. Category II contained 1 .7% of

zone. Category 111 comprised 34 species or groups and

the st ratal biomass. Nucella canal iculata c o n t r i b u t e d

the biomass in this

constituted O. 6% of

greatest biomass,

followed b y tunicate fragments, Pterosiphonia bipinnata, Leptasterias

Ieptoderma, Monostroma fuscum, Mopalia ciliata, a n d  Collisella s p . Category

IV consisted of 100 species or groups composing 0.1% of the total biomass for

t h e  s t r a t u m . T h e  10 o r g a n i s m s  w i t h  g r e a t e s t  b i o m a s s  w e r e  oligochaetes,

Nucella ~, Eulalia quadrioculata, Parallorchestes  ochotensis, Phytichthys

chirus, polychaete f r a g m e n t s ,  Asabellides sibirica,

E t e o n e  Ionga, and Ty posyllis s p .

Species  common to  each of  the  four  p lots  in

Delesseriaceae fragments,

the Alaria  stratum were

Balanus cariosus,  S t r o n g ylocentrotus droebachiensis,  Cirratulus cirratus,

Rhynchocoela, Eulalia quadrioculata, and Diptera  larvae . Species present in
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only  three  of  the  four  p lots  for  category  I  were  Alaria cri~-a; f o r  c a t e g o r y——

II! !!!@@ —edulis a n d  Collisella p e l t s ; f o r  c a t e g o r y  111, Nereis pelagica,

Molgula oregonia, Cucumaria pseudocurata, Porifera, a n d  Capiteila capitata;

and for category I V , Asabellides  sibirica, Chone s p .  ,  n e m a t o d e s ,  Ma bgarites

Alaria stratum had

represented within

a collective wet weight of 10.2

quadra ts  in particular strata

beringensis, Typosyllis alternata, a n d  Polyplacophora. The 150  species  or

groups identified within the

kg.

Var iabi l i ty  in  species

was large  and required in tensive  sampl ing to  adequate ly  determine species

composition. For e x a m p l e , in the Littorina - Balanus stratum of the  random

sampiing des ign ( range  0 .4  to  1.19  m) 32 species or  groups  o c c u r r e d

compared to only two species  in the 10 meter q u a d r a t  o f  T r a n s e c t  1 at 0.52 m

elevat ion of  the  systemat ic  sample  des ign. Inadequate sampling effort was

also evident for the systematic sample at the Alaria s t ra tum e levat ion ( range

of e l e v a t i o n  w i t h i n  t h e  A l a r i a  s t r a t u m , -0.15 t o  0 . 2 4  m). I n  t h e  Aiaria

stratum, t h e  3 5  m  q u a d r a t  o f  T r a n s e c t  ! ( a t  0 . 9  m  e l e v a t i o n )  y i e l d e d  41

species or groups while eight quadrats placed along a transect perpendicular

to Transect 1 produced 150 species or groups.

T h e  Aiaria s t r a t u m  c o n t a i n e d  f a r  m o r e  s p e c i e s  a n d  g r o u p s  t h a n  w e r e

found e lsewhere  a t  the  E ider  Point  s i te . Although this strata was the most

seaward of  the  areas  s tudied , the  e levat ion of  quadrats  in  the  Alar ia  zone

often equaled

example ,  the

at the 20 m

stra tum were

o f t e n  c o m p a r a b l e  i n  e l e v a t i o n  t o  t h e  m o r e  l a n d w a r d  quadrats of the Fucus

stratum between -0.12 and 0.52 m elevation.

or exceeded that of plots located in more landward strata.  For

elevation at the 15 m station was -0.01 m, whereas the elevation

and 30  m sampl ing p lots  was 0 .09  m. Quadrats in the Alaria

between the  e levat ion  contours  of  -0 .15  and 0 .24  m and were
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The Eider Point site could

one that  depended more  upon

elevations and a more landward

be divided into two subcommunities or zones,

the seaward - landward axis than upon vertical

zone that was dependent upon elevation. The

f irst subdivision includes the more landward portion of the

“bench” of relatively similar elevations, as well  as the more

represented by  the  Fucus stratum and the 15 m, 20 m, and

community on the

seaward quadrats

30 m quadrats of

T r a n s e c t  1  ( F i g .  3 0 ) . The second subdivision contains the quadrats of the

Alaria stratum and the 35 m quadrat of Transect 1.

The dependency of the community upon the seaward -landward axis rather

than e levat ion in  the  “bench” zone and more seaward locations may explain

the occurrence of nearly the same numbers of species and groups in the 15

m, 20  m,  and 30  m quadrats  of  Transect  1  as  in

Fucus stratum lying perpendicular

1.15 P o r t a g e  B a y , Makushin Bay

Portage Bay is about 1 mile

to the systematic

wide and 4 miles

the  e ight  quadrats  of  the

sample transect.

long and forms a narrow

arm of  Makushin  Bay on the  nor thwest  s ide  of  Unalaska Island (Figs. 1 and

3 2 ;  T a b l e  1 ) . The site we sampled was a small, rocky point terminating in a

c luster  o f  la rge  rocks (F igs .  33  and 34) . Most of the bedrock in this area

a n d  v a r i e d .  W e

i n  o u r  q u a d r a t

forms c l i f f s , thus has l i t t le  b io logica l  cover . When lower-gradient  rocky

outcrops do occur, the biota covering them is extremely rich

col lected 26  species  of  a lgae  and 123  inver tebrate  species

samples.

T h e  l o w e r  i n t e r t i d a l  z o n e  w i t h  i t s  w e l l - d e v e l o p e d  g r o w t h  o f  Balanus

cariosus w a s  o f  p a r t i c u l a r  i n t e r e s t . Balanus cariosus c o v e r  w a s  e x t r e m e l y

heavy par t icu lar ly  be low MLW (averaging 1424 individuals/m2 and 14.9 kg/m2)

and the i r  large , heavy plates provided evidence of an old population. Bare

spots  wi th  iso la ted ~. cariosus were observed (Fig. 35) but for the most part
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Fig. 33. Aerial view of the sampling site at Portage. Bay,
Unalaska Island, Aleutian Islands. Rocky out-
crops of this type are uncommon in Portage Bay.
25 July 1975.

Fig. 34. Portage Bay sampling area. 13 August 1975,
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Fig~ 3$. Typical invertebrate assemblage in Balanus cariosus zone at
Portage Bay site; note old, crowded~les~  25 July 197s,

. . . .

Fig. 36. View of sampling area showing part of transect line, zonation
study site and plethora of workers. Inadvertent trampling by
the sampling crew on this small, heavily-covered area had a
devastating effect on barnacles and mussels. 25 JUIY 1975.
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the i r density

concentrated in

populat ion (F ig

was remarkably uniform. T r a m p l i n g  bv many people

a small area proved to be a major disturbance to the barnacle

36) . This was evident when we returned to the area in

August  when w e  s a w  n o t  o n l y  c l e a r e d , uncolonized patches of  bare  rock

where our quantitative samples had been removed but also remains of’ crushed

~. cariosus t h a t  h a d  b e e n  t r a m p l e d  b y  t h e  o v e r a b u n d a n c e  o f  w o r k e r s .  III

August,  we concentrated our efforts higher on the beach in order to complete

our survey of the site and to avoid the disturbed low zone.

T h r e e species o f  b a r n a c l e s , Balanus glandula, ~. cariosus, and

Chthamalus dalli, w e r e  f o u n d  i n  o u r  q u a d r a t  c o l l e c t i o n s . A l t h o u g h  ~.

glandula was numerically dominant in more quadrats than were the other two

s p e c i e s  ( T a b l e  1 0 ) ,  ~. cariosus dominance in  the  low zone was st r ik ingly

apparent because of its greater biomass.

Predation on barnacles appeared to be minimal. Potential predators such

a s  Nucella s p p . and sea stars were not abundant. Leptaster ias  hexactis, a

smail sea  s tar ,  was  present , but i t  was probably not an important source of

barnacle mortality. M a t u r e  Balanus cariosus probably  exper ience only  minor——

predat ion pressure d u e  t o  t h e i r  l a r g e  s i z e . One possible major source of

predation to large Balanus was the black oystercatcher,  Haematopus bachmani,

which was abundant and which we observed eating barnacles.

The extensive barnacle cover provided a shelter for two diverse groups.

We collected 12 famil ies and 26 species of polychaetes, many of  which were

found in  the  in terst ices  between barnacles . We also collected an unusually

large number of gastropod (17 species) of which many individuals measured

only  a  few mi l l imeters  in  length. These gastropod a lso  take  shel ter  in  the

interstices between barnacles or in empty barnacle tests.
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Table 10. Constancy, dominance, and tidal range of three species of barnacles

col lected  a t  Por tage Bay,  A laska . C o n s t a n c y  is the proportion of

quadrats that contained the barnacle. Dominance is the proportion

of quadrats in which t h e  b a r n a c l e  w a s  n u m e r i c a l l y  d o m i n a n t  o v e r

other barnacles. There were two quadrats (at 0.67 m and 1.62 m)

where no barnacles were found. (a) and (b) refer to the r a n g e s  of

elevations of samples used in calculating constancy and dominance,

respectively.

Tidal range
Species Constancy Dominance ( m )

Balanus glandula 29/42 24/42 (a )  0 .46  to ’  1 .25
( b )  0 . 7 3  t o  1 . 2 5

Balanus cariosus 22/42 13/42 ( a )  0 . 0 9  t o  0 . 9 1
( b )  0 . 0 9  t o  0 . 7 9

Chthamalus dalli 5 /42 5 /42 ( a )  0 . 4 0  t o  0 . 8 2
( b )  0 . 4 0  t o  0 . 8 2

., .

,.,

,.,
,“,

<.
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T h e  Iittorine snail Littorina sitkana w a s  f o u n d  i n  a l m o s t  e v e r y  q u a d r a t ,

and was most abundant in the upper intertidal zone. Although the abundance

of L. sitkana a l o n g  o u r t ransect  was adequate ly  assessed in  our  quadrat—

collections, e v e n  g r e a t e r  n u m b e r s  w e r e  o b s e r v e d  i n  d a m p  s h a d e d  a r e a s

several meters shoreward of our sampling area (Fig. 37).

1 .16  Crooked Is land

Crooked Island is a member of the Walrus Island group in northeastern

Bristol Bay (Figs. 1 and 38; Table 1). O f  a l l  t h e  s i t e s  w e  s a m p l e d

quant i ta t ive ly , Crooked Is land was the  one most  in f luenced by  f reshwater

runoff from the rivers of the Alaska Peninsula. In  th is  area , a large shoal

extends well  offshore. The Walrus Islands l ie about 16 km offshore from the

entrance of Togiak Bay. The head of Togiak Bay is emersed southward to a

distance of 8 to 10 km at low tide (U.S. Coast Pilot #9, 1964).  The influence

o f  t h e  s i l t - l a d e n  f r e s h w a t e r  f r o m  t h e  Togiak R i v e r  e x t e n d e d  t o  C r o o k e d

Island. A thin layer of very f ine si lt  covered everything, and the low-lying

areas between bedrock outcrops were f i l led with mud. Crooked Island is also

subject to the effects of sea ice. The mean southern limit of sea ice is shown

at or south of Crooked Island from 1 November through 31 May on the charts

of Wise and Searby (1977).

We sampled a beach composed of gravel and small angular rock and a flat

bedrock bench seaward of the beach (Fig. 39). A single transect was placed

perpendicular to the shore and sampled every 5 m (Table 1); all but four

quadrats fell below mean tide level. We made qualitative observations of the

biota in the muddy areas.

Fucus distichus, i n  p o o r  c o n d i t i o n  w i t h  r a g g e d  f r o n d s  a n d  g e n e r a l l y

desiccated appearance, had the greatest biomass in half  of the quadrats; one

quadrat contained no organisms; and Zostera marina occurred in one quadrat
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Fig. 37. Concentration of littorine snails along supralittoral fringe
at Portage Bay sampling site. 25 July 1975.
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Fig. 39. Looking seaward along the transect line at crooked
Island. 20July 1975.
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and was dominant  there . Dominance in  the  other  quadrats  was d is t r ibuted

fa i r ly  evenly  among seven other  species  (Table  11) . Barnacles Chthamalus

dalli a n d  Balanus glandula were  the  most  abundant  and most  contagiously

dis t r ibuted of  the  large  inver tebrates . Although we made no observations of

feed i ng relationships, t h e  b a r n a c l e s  w e r e  p r o b a b l y  b e i n g  p r e y e d  o n  b y

Nucella lima, which was relatively common in the plots (Table 11 ).

Mytilus edulis occurred more  f requent ly

t r a n s e c t  b u t  i t s  d e n s i t y  a n d  b i o m a s s  w e r e

!Y!@!LE  except ‘ne ‘ a s  less than I “5 c m

than any other species along the

low. In  our  col lect ion,  every

i n  l e n g t h . A p p a r e n t l y  Nlytilus

settles in the lower intertidal zone

!arge size. These small  Mytilus are

at this site but most do not survive to a

probably also preyed on by Nucella. The

muddy areas conta ined many crabs,  polychaetes, large burrowing anemones,

a n d  Teimessus cheiragonus.

1 .17  Cape Pei rce

Cape Pei rce is  a  rock  headland southeast  o f  Cape Newenham on the

n o r t h e a s t e r n  s h o r e  o f  B r i s t o l  B a y  ( F i g s .  1 and 40; Table 1 ) . Most of the

shore  a t  Cape Newenham is  bordered by  s teep c l i f fs  on which large seabird

colonies ( e s p e c i a l l y  t h o s e  o f  b l a c k - l e g g e d  kittiwakes) o c c u r r e d .  O u r  s i t e s

were on a low elongated bedrock mound surrounded by sand and gravel beach

a n d  o n  a n  a d j a c e n t  v e r t i c a l  r o c k  w a l l  ( F i g s .  47 a n d  4 2 ) . We sampled the

m o u n d  b y  h a p h a z a r d l y  t o s s i n g  a  1 / 1 6  m2 f r a m e  o n  i t  a n d  r e m o v i n g  t h e

organisms wi th in  the  f rame. The ver t ica l  face  was sampled wi th  the  ar row

method. All quadrats but one fell below mean tide level.

The species assemblages a t  t h e  t w o  s i t e s  ( m o u n d  a n d  a r r o w )  w e r e

similar. Of the species accounting for most of the biomass at Cape Peirce,

o n l y  Balanus glandula was not  present  a t  both  s i tes . Its absence from the
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“ Table 11. Statistics for the 11 species of algae  and invertebrates showing

the greatest average rank on the transect at Crooked Island, ?3risto?

Bay.

Avera eY Wet we”ghtA Frequency ~f Abundance d Elominancee
Oecies rank (9 ) occurrence

ucus distichus

hthamalus  dalli

ytilus  edulis

ucella lima

cytosiphon  lomentaria

alanus glandula

donthalia floccosa

ittoriha sitkana

orallina sp.

hirsutiusculus

hnfeltia  plicata

7.2 103.3, 1.5-482.1 0.61

5.9 6.7, 0.9-90.8 0.61

5.0 0.4, 0.002-4.6 0.67

4.8 6 . 7 ,  0 . 0 8 - 3 0 . 9  0 . 5

4.1 0.8, 0.06-9.8 0.44

4.1 7 . 9 ,  0 . 0 3 - 9 1 . 4  0 . 5

3.2 3.6, 0.4-36.4 0.33

2.9 10.1, 0.6-49.2 0.44

2.5 1.0, 0.08-7.7 0.17

2.3 0.3, 0.2-7 0,28

1.9 1.2, 0.7-31.1 0.17

--

152, 37-1190

6,  1-36

2,  1-16

- -

128, 4-1383

- -

54, 1-237

- -

2, 1-9

--

9/18

3/18

0

2/18

0

2/18

1/18

1/18

0

1/18

1/18

R a n k  of wet weight of  each species  averaged over  18 quadrats  (1, lowest w e i g h t ) .
Species ?isted in order  of  decreas ing rank.
Median  and range of  wet  weights  per  1 /16  m2 in all  quadrats w h e r e  t h e  s p e c i e s
was found.
Proportion of quadrats  that contained the species.
Animals only; median and range of number of individuals  per 1/16 m2 in all quadrats
where the species was found.
Proportion of quadrats in which the species was among those making up 50% of the
wet weight. Summation in each quadrat began with the heaviest species.
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Fig. 41. View of the bedrock mound site at Cape Peirce;
sampling here was non-systematic. 21 July 1975.

Fig. 42. View of zonation study (arrow) site at Cape Peirce.
21 July 1975.
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arrow site was probably an artifact of sampling because sample size there was

smal l  (~ = 4). Samples from both sites were lumped for the analysis.

A t  C a p e  Peirce, as at Crooked Island, Fucus  distichus a n d  Chthamalus

dalli h a d  t h e  g r e a t e s t  a v e r a g e rank (based on wet  weight )  o f  a l l  spec ies

present  (Table  12) . About half  of the ten species with the greatest average

rank were common to b o t h  l o c a l i t i e s . Corallina s p .  , Ahnfeltia plicata,

Odonthalia floccosa, Nucella l i m a , a n d  P a g u r u s  ~. hirsutiusculus w e r e

completely absent from our samples at Cape Peirce. Conversely, Melanosiphon

i n t e s t i n a l , Halosaccion gland iforme, a n d  Chironomidae were  absent  f rom the

Crooked Island samples. It  remains to be determined whether the difference

in species composition between l o c a l i t i e s  i s  r e a l  o r  i s  m e r e l y  a n  a r t i f a c t

resulting from the relatively small  sample size and

the area sampled (the area sampled at Cape Peirce

Crooked is land) . Because of the magnitude of the

difference in the size of

was smaller than that at

change (from absence at

one locality

reflect real

Among

to near  dominance in  b iomass at  the  other ) ,  our  data  probably

differences in the abundances of these species between localities.

the primary competitors for space at both localit ies, ~. distichus

showed a substantially lower biomass at Cape Peirce; ~. qlandula was slightly

less abundant at Cape Peirce than at Crooked Island and ~. dalli was slightly

m o r e  a b u n d a n t  a t  C a p e  P e i r c e  t h a n  a t  C r o o k e d  I s l a n d  ( T a b l e  1 1 ) .  Balanus

balanoides was recorded in two quadrats (abundances, 913 and 287 individuals

per quadrat)  at  Cape Peirce and was not recorded at Crooked Island. Mytilus

edulis w a s  s m a l l  a n d  l o w  i n  a b u n d a n c e  i n  q u a d r a t s  a t  b o t h  l o c a l i t i e s  a n d

occurred less frequently at Cape Peirce than at Crooked Island.

T h e  c h i e f  c a r n i v o r e  a t  C r o o k e d  I s l a n d ,  Nucella l i m a ,  w a s  a b s e n t  f r o m

sarnp!es t a k e n  a t  C a p e  Peirce. The consequences of its absence

a b u n d a n c e  a t Cape P e i r c e  a r e impossible t o  d e t e r m i n e  w i t h
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Table 12. Statistics for the 10 species of algae and invertebrates showing the

g r e a t e s t  a v e r a g e  r a n k  in quadrats  at Cape  Peirce,  Br istol  Bay.

Aver gea Wet weight Frequency ~f Abundance d Dominance e

?cies rank (9) occurrence

:US distichus

Lhamalus dalli

Ianosiphon i n t e s t i n a l

Ltorina sitkana

lanus glandula

losaccion glandiforme

~tosiphon lomentaria

:hytraeidae

ironomidae (larvae)

6.2

5.6

3.8

3.7

3.6

3.3

2.2

1.1

0.9

0.9

6.7, 0.2-183

21, 0.4-120.2

1.8, 0.04-10

0.2, 0.01-0.08

5.2, 0.01-84.8

2.5, 0.04-66.3

0.06, 0.001-0.2

0.08, 0.3-4.3

0.005, 0.001-0.02

0.001, 0.001-0.008

0.76

0.76

0.53

0.94

0.47

0.65

0.59

0.18

0.35

0.41

311, 9-1382

27, 2-86

30, 1-491

8, 1-38

22, 3-53

5, 1-13

Rank of wet weight of each species averaged over 17 quadrats (1, lowest weight).
Species listed in order of decreasing rank.
Median and range of wet weights per l/16 mz in all quadrats where the species was
found.
Proportion of quadrats that contained the species.
Animals only; median and range of number of individuals per 1/16 m2 in all quadrats
where the species was found.
Proportion of quadrats in which the species was among those making up 50% of the wet
weight. Summation in each quadrat began with the heaviest species.
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Differences in the abundance of the preferred prey (barnacles and mussels)

of Nucella b e t w e e n  l o c a l i t i e s  a r e  n o t  c o n s i s t e n t  w i t h  p r e d i c t i o n s  b a s e d  o n

difference in the abundance of Nucella.
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2. The Pribilof Is lands

T h e  s h o r e s  o f  t h e  Pribilof Is lands ( la t .  57”N,  long.  170”W)  p r o v i d e  the

only  l i t tora l  habi ta t  in  the  St . George  Basin  ( the  area  in  the  southeastern

Bering Sea extending northwest of Unimak Island to and including St. George

Is land (F igure  V I -  I - I  in  Envi ronmenta l  Research Laborator ies ,  1977) . Berg

( 1 9 7 7 ,  F i g . 1 ) shows a map of the proposed oil  and gas lease areas in this

basin.

We studied seven sites on three of the four islands which constitute the

Pribilof

one on

Species

g r o u p  ( F i g . 43) :  three  s i tes  on  St . Paul ,  three  on St .  George,  and

Otter Island (Table 13);  Walrus island, the smallest,  was not studied.

in those samples collected at our study sites in the Pribilof I s l a n d s

are  l is ted in  Appendix  IIC. A p p e n d i x  111 is a list compiled by N. Calvin of

algae collected by divers in the Pribilof Is lands.

2 . 1  S t .  P a u l  Island

2 . 1 . 1 E n g l i s h  B a y - - T h e  E n g l i s h  B a y  s a m p l i n g  s i t e  i s  a  l o w - g r a d i e n t

boulder beach on the south shore of St. Paul Island midway between Zapadni

and Tolstoi  Points (Figs. 43 and 44). The study area is within sight of the

vil lage of St. Paul and is adjacent to one of the larger fur seal rookeries. At

the t ime of our sampling on 10 June 1976, bull  fur seals were just beginning

to arr ive  f rom southern  waters  for  the  annual  breeding cyc le . T h i s  s i t e ,

more  than any other  which we v is i ted  in  the  Ber ing Sea and Norton Sound,

exhib i ted  s t r ik ing e f fects  of  ice  scour  on the  in ter t ida l  biota. Much of the

sampl ing t ransect  t raversed an area  of  f la t - topped boulders  up to  1  m in

diameter, which had been scoured by ice. Rich assemblages of biota occurred

in the p r o t e c t e d interstices beneath and between boulders, but upper

surfaces that had been abraded by ice were nearly bare. Thick crusts of

coral line algae occurred in crevices.
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Table 13. Pertinent sampling information for seven sites in the Pribilof Is lands.

Substrate Dates Tidal Range Samplinga Quadrat Sampleb

Site Lat. (N) Long.(W) Type Sampled Sampled Method Surface Size
(cm) (cm)

Pribilof Islands

St. Paul Island

English Bay

North Beach

East Beach

Otter Island

St. George Island

Garden Cove

High Bluffs

Zapadni  Bay

57°9.3’ 170°18.8’ Boulder 10 Jun 76

57°12.8’ 170°12’ Sand 12 Jun 76

57°11.4’ 170°9.2’ Sand 12 Jun 76

57°02.9’ 170°23.6’ Boulder- 16 Aug 75
bedrock 12 Jun 76

56°33.8’ 169°31.1’ Bedrock 9 Jun 76

Sand

56°36.4’ 169°49.9’ Boulders 13 Jun 76

56°34.0’ 169°40.0’ Boulder- 15 Aug 75
bedrock

-34 to +195 Transect (1)

O tO +60 Selected (2)

O tO +60 Selected (2)

+8 to +242 Transect(2), Arrow
-34 to +284 Transect(2), Random

+3 to +25 Random, Transect(2),
Selected

+12.2  to  +250 Selected

-21 to +372 Transect(2) Selected

-33 to +156 Transect(2)

625 14

100 C 2

100 C 2

625 34(T), 5(A) ~
625 17(T), 7(R) ~

625 22(T), 8(S)

100 C 4

625 16(T), 6(S)

625 44

a. Number in parentheses indicates number of transects, arrow stations, etc. if more than one was established.
b. Letter in parentheses indicates sampling method: T, systematic Transect; A, arrow; R, random; S, selected.
c. Samples 100 cmz in area were cores 10 cm deep.
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W e  c o l l e c t e d  s i x  1 / 1 6  mz s a m p l e s  s p a c e d  5  m  a p a r t  a l o n g  a  s i n g l e

t ransect . The gradient of the transect was slight,  with a range of only +0.~5

to  -0 .34  m. Turtonia occidentals was the most abundant animal at upper and

mid-tide levels. At t idal elevations below -0.1 m, luxuriant growths of Ailaria

Sp. and Odonthalia/ Rhodomela were the dominant algae, and between the -0.25

and -0 .34  m t ide  levels L a m i n a r i a  Iongipes g r e w  i n  p r o f u s i o n  f r o m  b e t w e e n

boulders. T h e  stipes had been sheared of f  a t  the  leve l  o f  the  tops  of the

boulders, giving the appearance of a mowed lawn.

2 .1 .2  Nor th  Beach and East  Beach- -Two s imi lar  exposed sand beaches

were  sampled on each s ide  of  Northeast  Point ,  St .  Paul  is land,  on !2 June

1976 (Figs. 43 and 44). The b!orth Beach site was about midway along a 9

km beach on the north side of St. Paul; the East Beach site was midway

along a similar 5 km beach on the northeast side of the island. They were

characterized by hard-packed black volcanic sand with no organisms evident

e x c e p t  o c c a s i o n a l  amphipods i n  t h e  s u r f  z o n e . T w o  1 - l i t e r  c o r e s  w e r e

collected at each beach, one at the water’s edge at low tide, and the other at

the  mid- t ide  leve l  (approximate ly  +60 cm). At

(Archoeomysis grebnitzkii) w e r e  f o u n d  i n  t h e

higher  on the beach contained two mysids and

the North Beach site,  7 mysids

lower sample; the sample from

f r a g m e n t s  o f  Porphyra sp.  At

the  East  Beach s i te  there  were  no microorganisms in  the  lower

only a few fragments of red algae in the upper sample.

Hundreds of kilometers of similar high-energy sand beaches

sample and

occur along

the Bering Sea coast; most are probably as depauperate of macrofauna as

these at  St . Paul Island because of unstable substrate, vulnerability to

physical abrasion by ice, and exposure

conditions allow colonization by very few

probably contribute little to productivity of
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2 . 2  O t t e r  I s l a n d

Otter  Is land, south of St.  Paul Island (Figs. 43 and 45)  resembles  the

profi le of a sea otter f loating on its back. The island has low hil ls at b o t h

e n d s  [85.3 m and 45 .7  m at  the  south  and nor th  ends respect ive ly )  and is

low in  the middle . This resemblance is reportedly the source of i ts name.

T h e  a b r u p t  b l u f f  o n t h e  s o u t h  e n d  o f  t h e  i s l a n d  s u p p o r t s  r o o k e r i e s  o f

auklets, murres, and k i t t iwakes  (see  Hunt  1977) . A  por t ion  of  the  nor th

shore  of  the  is land has a  low gradient , and hair seals and Steller sea lions

haul  o u t  t h e r e . Foxes are  common and were  seen in  both  1975 and 1976

foraging for carrion in the intertidal zone.

The low gradient intert idal bench at the study site was characterized by

volcanic rocks with many crevices of variable size separating numerous small

~ummocks. The hummocks exhibited many small  pits and depressions in an

otherwise smooth, pol ished sur face . T a b l e  1 3  s u m m a r i z e s  t h e  p e r t i n e n t

sampling information for Otter Island.

The upper  in ter t ida l  zone (+0.6 to  +2 .4  m)  conta ined much more  bare

rock than macrobiot ic  cover  (F ig .  46) . A  f i lm of  a lgae (probably  d ia toms)

made the rocks slippery. Fucus was uncommon, be ing very  squat  but  o f ten

fer t i le . Halosaccion, o n  t h e  o t h e r  h a n d , w a s  f o u n d  i n  l u x u r i a n t  p a t c h e s

throughout  much of  the  in ter t ida l  zone (+0 .1  to  +2 .4  m) . Littorina s i tkana

was also f o u n d  t h r o u g h o u t  t h i s  t i d a l  r a n g e ,  b u t  w a s

crevices at low tide. We observed it being preyed on by

Mytilus edulis was present ,  a l though re la t ive ly  few

usual ly  conf ined to

Nucella lima.

in number and small

in  s ize . They were l imited almost exclusively to crevices, with a few large

i n d i v i d u a l s  f o u n d  i n  o n e  l a r g e  c r e v i c e . Modiolus modiolus  a n d  Musculus

discors were occasionally found with the small Mytilus.
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Fig. 46. Upper half of Transect 1, Otter Island. 16 August 1975.



The lower intertidal zone (0.1 to 0.5 m; Figs. 47 and 48) was

characterized by a canopy of the kelp Alaria taeniata and an understory of

Palmaria paimata, I  r idaea  cornucop ia ,  Pterosiphonia  sp. , and filamentous

diatoms. The rocks were often covered with patches of Lithothamnion. T h e

snails Margaritas helicinus  and Haloconcha reflexa were seen grazing on the

surface of the kelp, and the chiton Schizoplax  brandtii was common on rocks.

The crevices in this zone were filled with a diverse fauna including anemones,

very dense aggregations of polychaetes (e.g. Amphiqlena pacifica), gammarids

(  Parailorchestes  ochotensis), a n d  holothurians  ( Cucumaria pseudocurata).

Species richness in major taxonomic  groups of organisms and species-

abundance pat terns a m o n g  m o l l u s k s  a t  O t t e r  I s l a n d  are given in a later

section on the effects of ice scouring on intertidal communities.

2.3 St. George Island

2 . 3 . 1  G a r d e n  C o v e - - T h e  t w o  G a r d e n  C o v e  s a m p l i n g  s i t e s  w e r e  o n  a n

irregular coastl ine facing southeast on St.  George Island (Figs. 43 and 49)--

one on a rocky beach and the other on an adjacent sand beach (  Fig. 5 0 ) .

Two parallel  transects were placed 6 m apart on the rocky beach (Figs.  5 1

a n d  5 2 ;  T a b l e  1 3 ) . One (T1  )  was sampled a t  even meters ,  the  other  (T2)

w a s  s a m p l e d  e v e r y  m e t e r . I n addition, e ight  1 /16  mz s e l e c t i v e l y  p l a c e d

quad rats were sampled (Table 13). Southwest  o f  the  survey  s i te  we made

o b s e r v a t i o n s  a t  a n i r regular rock  outcrop s o m e w h a t  p r o t e c t e d  b y  l a r g e

offshore rocks from the effects of ice scouring.

Very l i tt le macroscopic l i fe was seen on the transects probably because

of  ice  scour ing or  d is turbance by  wave- induced boulder  movement . A f e w

Iittorines a n d  a n  o c c a s i o n a l  amphipod w e r e  o b s e r v e d . S o m e  r o c k s  w e r e

ent i re ly  covered by  filamentous a lgae  and others  were  covered by  d ia toms.
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Fig. 47. Lower end of Transect 1-75 at Otter Island. 16 August 1975.

Fig. 48. Lower end of Transect 1-76 at Otter Island. 12 June 1976.
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Fig. 50. Study sites at Garden Cove, St. George Island:
A = rock outcrop protected from ice scouring;
B = rocky beach transect area; C = sand beach
tranSect area. 9 June 1976.
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Fig. 51. Transect sites at Garden Cove, St. George Island. , 9 June 1976.

Fig. 52. Lower end of Transect 1 at Garden Cove, St. George Island.
9 June 1976.
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Halosaccion, Spongomorpha,  Fucus, and an unident i f ied  red alga were noted

on a few rocks.

Many more  species  were  observed in  crev ices  a t  the  rock  outcrop s i te

west of the transects. The species found included hydroids, ectoprocts,  two

k i n d s  o f  e n c r u s t i n g  s p o n g e s ,  u r c h i n s ,  n e m e r t e a n s ,  a n d  annelids i n c l u d i n g

t u b e - d w e l l i n g  polychaetes which surrounded very  large  Balanus car iosus.  We

also observed sca le  worms, caprellids, v e r y  l a r g e

u n i d e n t i f i e d  g a s t r o p o d ,  L i t t o r i n a ,  Nucella, Nlopalia,

and coral line algae.

Collisella p e l t a ,  a  l a r g e

t w o  k i n d s  o f  tunicates,

Four  l - l i te r  cores  were  taken a t  arb i t rar i ly  se lected spots  on the  sand

b e a c h  ( T a b l e  1 3 ) . The cores  conta ined very  few macroscopic  organisms

including only Urospora Sp. , a lgae  f ragments , unident i f ied  f la tworms,

oligochaetes, and cumaceans (Fami ly  Nannastacidae). Beached dr i f t  in  the

cove was sparse except at the eastern end of the beach where windrows of

Laminaria and Alaria fistulosa were observed.

2 . 3 . 2  H i g h  B l u f f s - - T h e  H i g h

boulder  beach on the  nor th  shore

The study area was situated at the

300 ver t ica l  meters  and occupied

Bluffs sampling site was on an exposed

of St. George Is land (F igs .  43  and 49) .

base of a high unstable cliff rising 200 to

b y  l a r g e  n u m b e r s  o f  n e s t i n g  b i r d s  ( s e e

I-iickey and Cra ighead 1977 ,  Hunt  1977) . Rocks and pebbles frequently fel l

from the nearly vertical face and made the area a dangerous one in which to

work . Many dead sea birds with massive injuries were found at the base of

the  c l i f f ,  presumably  k i l led  by  fa l l ing rocks. T h e

located at about the middle point of the High Bluffs

The beach at  the  sample  s i te  was re la t ive ly

c o n s i s t e d  o f  l a r g e  b o u l d e r s  i n  t h e  h i g h  i n t e r t i d a l  a r e a  g r a d i n g  i n t o  l a r g e

angular blocks of stone with occasional boulders in the lower intertidal area.
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T h e  s p a c e s b e t w e e n  t h e  b o u l d e r s

boulders had a polished appearance.

The sampling area appeared to

contained rubble

be disturbed by ice

a n d  g r a v e l . Many

scouring. Very  few

species were present.

outer surfaces of bare

g r a z i n g  t h e  microalgal

Littorines were abundant in crevices and common on

rock in the upper intertidal area. They were actively

f i lm cover ing the  boulders . In  the  lower  in ter t ida l

area ,  d ia toms

seaward faces

and g r e e n  a l g a e  ( S p o n g o m o r p h a  a n d  Urospora) covered the

of the largest rocks. Large patches of Halosaccion (up to 83 g

p e r  6 2 5  cmz, w e t

were  a lso  noted.  A

observed in crevices

2.3.3 Zapadni

St. George Is land

composed of a 10 m

weight )  occurred on some boulders . Iridaea a n d  Fucus

few very small annelids or nematodes and ectoprocts were

in the lower intertidal area.

13ay--Zapadni Bay is located on the southwestern side of

(F igs . 4 3  a n d  4 9 ) . O u r  i n t e r t i d a l  s t a t i o n  t h e r e  w a s

l o n g  b o u l d e r  pile, 0.0 to + 1 . 5  m  a b o v e  MLLW (F ig .  53) .

The upper  por t ion of  the  in ter t ida l  area  had re la t ive ly  sparse  b iot ic  cover

while the lower part (Fig. 54) was comparatively lush. Dates and methods of

sampl ing at Zapadni Bay are summarized in Table 13.

The boulders  in  the  upper  in ter t ida l  zone had a  patchy cover  of  a  few

large organisms a n d  w e r e  c o v e r e d  w i t h  b e n t h i c  d i a t o m s  t h a t  w e r e  b e i n g

g r a z e d  b y  m a n y

ciistichus occurred

T h e  Fucus h a d  a r

L i t t o r i n a  sitkana. Halosaccion glandiforme a n d  Fucus

n dense patches on the tops and sides of some boulders.

unusual  appearance a t  th is  s ta t ion: b o t h  f e r t i l e  a n d

nonfertile plants appeared robust,  but were squat; and all  Fucus p lants  were

less than 5-8 cm tall.

Between and beneath the boulders at the lower end of the pile were some

animals whose abundance, because

methods, was not  re f lected in  our

of  the i r  crypt ic  nature  and our  sampl ing

quantitative collections. These included
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'4,

Fig. 53. Upper end of systematic transect at Zapadni Bay, St. George
I s l a n d . 15 August 1975.

Fig. 54. Lower half of systematic transect at Zapadni  Bay, St. George
Island. 15 August 1975.
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many brooding anemones, dorid nudibranchs ( feed ing  on  the  sponge

Halichondria  panicea), and unidentified compound ascidians.

T h e  b e d r o c k  b e n c h  i n  t h e  l o w e r  i n t e r t i d a l  z o n e  ( - 0 . 3  t o  0 . 0  m )  w a s

generally f lat but exhibited much small-scale relief (Fig. 54) with numerous

t i d e  p o o l s  a n d  m a n y  s m a l l  h u m m o c k s . Adjacent hummocks were  of ten

separated by crevices filled with coarse sand and broken shell.

T h e  k e l p

T h e s e  p l a n t s

hummocks or

b r o k e n  s h e l l ,

i n c l u d e d  t h e

Alaria taenia ta  formed a  canopy in  the  lower  in ter t ida l  zone.

o c c u r r e d  m a i n l y  w i t h  t h e i r holdfasts on t h e  s i d e s  o f  t h e

in  crev ices . T h e  holdfasts a n d  c r e v i c e s  t r a p p e d  s a n d  a n d

making a  microhabi ta t  r ich  in  organisms. These organisms

sRonae  Halichondria  Danicea. nemerteans, m a n v  oliaochaetes,
,.4 —, ,

polychaetes (Chone gracilis, Fabricia sabella, Boccardia spp. ,  a n d  E x o g o n e

spp. ) ,  Ischyrocerus sp. , a few harpacticoid c o p e p o d s ,  a n d  b i v a l v e s  (Hiatella

arctica, Protothaca staminea, a n d  s m a l l  Mytilus edulis). Also present were

Cucumaria pseudocurata, Stronqylocentrotus droebachiensis,  and the tunicate

!!@i@ Oregonian Laminaria groenlandica  occurred with the Alaria but was

not as abundant. Commonly found foraging on both kelps were the gastropod

Haloconcha reflexa and Margaritas helicinus. Egg masses of Margaritas were

quite common on the kelp blades.

A few chitons  including Katharina tunicata and Schizoplax  brandtii, and

the gastropod Buccinum baeri  and Nucella lima were found. Many large (2-4

cm) Collisella  pelta were seen. No small (<1 cm) limpets were observed. The

hummocks  were  o f ten  covered wi th  patches of  Lithothamnion and Ral fs ia .

O t h e r  a l g a l  s p e c i e s  h e r e  i n c l u d e d  Iridaea sp.  ,  Palmaria palmata, a n d

occasional tufts of Pterosiphonia and Ptilota.

T h e  b a r n a c l e s  Balanus glandula, g. balanoides, g. cariosus, and

Chthamalus dalli w e r e  c o n s p i c u o u s l y  l o w  i n  a b u n d a n c e .  A l t h o u g h  ~. cariosus
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did  occur

species of

occasionally on

barnacles were

the  t ransect , extensive patches of this and other

absent. Because  the  Pribilof Islands are near the

southern l imit of Bering Sea ice, the presence of sea ice in some years may

preclude the development of extensive barnacle populations, either physically

by scour ing or  physio logica l ly  by  hamper ing growth and development .  The

presence of sea ice in winter and early spring in some years may also help to

explain the squat ha bitus of the Fucus.

A few deep (20 cm) t ide pools were among the hummocks. Often these

tide pools had numerous anemones in

inhabited by the sponge Halichondria

g a s t r o p o d  Velutina plicatilis c o u l d

them, and much of their perimeter was

-“ Occasional ly  caprellids and the

b e  s e e n  o n  t h e  s p o n g e . Numerous

pycnogonids (predominant ly  Ammothea pribilofensis and A c h e l i a  chelata)

occupied the bottoms of the pools. Considerable size variation existed among

the pycnogonids. A  f e w  w e r e  ovigerous m a l e s . More  in format ion on the

frequency of occurrence and

i n c l u d e d  i n  a  l a t e r  s e c t i o n

communities.

biomass of dominant organisms at Zapadni Bay is

o n  t h e  e f f e c t s  o f  i c e  s c o u r i n g  o n  i n t e r t i d a l

231



3 . Norton Sound

We sampled intertidal communities at 13 locations in or

( F i g . 55)  once  in  August  1976 . Over  ha l f  (54%)  of  the

predominantly sandy beach ; one fifth (23%) had a bedrock

near

sites

Norton Sound

sampled were

or boulder/bedrock

substrate; a n d  t h e  r e m a i n d e r  w e r e  b e a c h e s  of gravel ,  mud or  peat  (Table

14) . Z immerman et  a l . (1 977) show the relative percentages of the major

inter t ida l  substrates  a long the  coast  o f  A laska f rom Sheldon’s  Point  on the

Y u k o n  R i v e r  d e l t a  n o r t h  t o  C a p e  P r i n c e  o f  W a l e s . T a b l e  1 4  s h o w s  t h e

geographic coordinates, sampling date,

surface seawater at each site.

The tidal range in Norton Sound is

and characteristics

relatively narrow:

of the  beach and

the diurnal range

( the difference in height between MHHW and MLLW) ranges from 128 cm at the

Pikmiktalik River entrance in the south to 49 cm at Nome ( N a t i o n a l  O c e a n i c

and Atmospheric Administration, 1 9 7 6 ) . The predicted heights of low water

d u r i n g  o u r  v i s i t  to

above MLLW.

Rocky shores

Norton Sound ranged f rom 14 cm below MLLW to 11 cm

w e r e  s a m p l e d  w i t h  a  t r a n s e c t  a l o n g  w h i c h  1 / 1 6  c m2

quad ra ts  were  co l lected at meter  in terva ls  (Table  15) . Sand, g r a v e l ,  a n d

peat beaches were usually divided into three zones (high, middle, and low) at

arb i t rar i ly  des ignated

zone. The sampl ing

strictiy r a n d o m ,  t h i s

tidal heights; two to four samples were taken from each

locations

method of

not seriously biased because

homogeneous and most organisms

which might bias an investigator

were  determined haphazard ly . T h o u g h  n o t

determining sampling locations was probably

usually t h e substrate

were infaunal;  therefore,

were a b s e n t .

Al l  gravel , sand, or mud samples were sieved

sieves, the finest having 2 mm openings. Because
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Table 14. Geographic coordinates, sampling dates, and beach- and surface-seawater characteristics at 13

localities in Norton Sound where intertidal communities were sampled.

Date Beach Characteristics Surface-Seawater Characteristics
Lati tude Longitude (Aug 76) Substrate Slope Orient tion Temperature Sal in i ty

Site (N) (w) (0)
~ojl (“c) (0/00)

Stuart Island

Wood Point

Wood Point

Malikfik Bay

Cape Denbigh

Golovnin  Lagoon
E
~ Rocky Point

Square Rock

61 uff

Safety Sound

Cape Nome

Sledge Island

Cape Woolley

Cape Woolley

King Island

63°38’

63°27.4’

63°27.4’

64°23.8’

64°23.9’

64°30.6’

64°24.5’

64°33.6’

64°34.6’

64°28.4’

64°28.6’

64°28.9’

64°50.2’

64°47.9’

64°57.7’

162°33.5’

161°45 ‘

161°45 ‘

161°16.2’

161°19 ‘

163005.9

163°10.7’

163°34.2’

163°49.9’

164°42.6’

164°43.3’

166°12.5’

166°23.8’

166°28.1’

168°03.9’

8 bedrock 5

9 boulder/bedrock --

9 peat 20

10 mud/peat 0

10 sand 10

11 sand 25

11 sand 10-15

12 gravel 10-15

12 grave l /sand  25

14 sand/mud <3

14 sand <5

7 sand - -

13 sand/gravel  20

13 bedrock --

6 boulder --

000
--

340

20

180

310

250

180

190

320
.-

--

240

300
___

13.3
--

15.6

20
--

.-

13.3

15.3
- -

13.3
- -

9.7

12.8
- -

.-

19
- -

18

18
--

--

21.5

19.5
.-

21.4
- -

27.1

21.3
--

--

a. Bearing with reference to magnetic North.



T a b l e  1 5 .  P e r t i n e n t  s a m p l i n g  i n f o r m a t i o n  f o r  14 i n t e r t i d a l  s i t e s  i n  N o r t o n

Sound.

Tidal Range Sampling Sample Surface Sample
S i t e Sampled(cm) Methods (cm2)  or  Volume( l )a Size  (n)

Stuar t  Is land
Wood Point

k?alikfik Bay
Cape Denbigh
Golovnin Lagoon
Rocky Point
Square Rock
B l u f f
Safety Sound
Cape F40me
Sledge Island
Cape Woolley
King Is land

+3 to +85
not recorded
+198 to +286
+15 to +58
+6 to +119
+6 to +94
+6 to +119
+15 t o  +128
+40 t o  +192
-46 to -24
+3 to +85
+18 t o  +158
+18 t o  +~4(1
not recorded

Transect
l-laphazard
Transect
Haphazard
Selected
Haphazard/Selected
Haphazard
Haphazard

.Haphazard
Haphazard
Haphazard
Selected
Haphazard
Q u a l i t a t i v e

625
1

625
7
7

7 , 1
8
8
7
8

7 , 1
3 . 5

7
- -

14
10
16
15
8

9 , 4
6
5
6
8

6 , 2
6
8

- -

a. Surface area of quadrat at Stuart Island and Wood Point Transects; volume
at  o ther  s i tes .
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of the sieves, only the larger macroscopic organisms were adequately sampled.

A b u n d a n c e s  o f  hlematoda,  Oligochaeta,  Cumacea, Nlysidacea, and most species

of Polychaeta, Gamma ridea, and larval Insects were probably underestimated

because small individuals passed through the sieve.

Species  r ichness a t  our rocky in ter t ida l  s i tes  (Stuar t  Is land and Wood

Point; T a b l e  16) w a s  s i m i l a r  to t h a t  o n  i c e - s t r e s s e d  sh~res in the Pribilof

is lands (see  la ter  sect ion on ef fects  of  scour ing by  sea  ice  on in ter t ida l

community s t r u c t u r e ) . Fucus distichus h a d  t h e  g r e a t e s t  b i o m a s s  o f  ail

o r g a n i s m s  a n d  Chthamalus dalli w a s  t h e  m o s t  a b u n d a n t  i n v e r t e b r a t e  a t  o u r

rocky sites.

Compar isons of species richness among sites with unconsolidated

substrates were diff icult  to make because sample volume varied among sites.

W h e n  ali samples were corrected to 8-l i ter, sites with a peat or peat and mud

substrate showed the greatest species richness (Table 16), but this may have

been an artifact resulting from the extrapolation of 1 -liter samples to 8 liters.

The most commonly occurring organisms on the unconsolidated beaches were

filamentous b l u e - g r e e n  a l g a e ,  polychaetes,  g a m m a  r i d s ,  a n d  i n s e c t s . All

species  wi th  l ive  representat ives  a t  our Norton Sound s i tes  are  l is ted in

Appendix II-D.

3.1 Stuart Island

Stuart Island is in southeastern Norton Sound ( Fig. 55). Our study site

was on a gently-sloping rock bench on the northern side of the island (Fig.

56). The substrate

loose boulders (Fig.

transect (Table 15),

The abundance

s h o w n  i n  T a b l e  1 7 .

consisted of igneous rock fractured into blocks and some

57) . In addition to the samples that were taken on the

a single selected sample was taken nearby.

of algae and invertebrates

Two quadrats  conta ined

in quadrats on the transect is

only unrecorded amounts  of

236



Table 16. Average species counts of plants and invertebrates in quadrats or

cores at intertidal sites in Norton Sound.

Site

Sample Area
Upper Ig~ertidal Area(cm2) orb ~ Lower In ertidal Area

Volume(g) x s N -ix s

Stuart Island

Wood Point
peat
boulder/bedrock

Flalikfik Lagoon

Cape Denbigh

Golovnin Lagoon

Rocky Point

Square Rock

Bluff

Safety Sound

Cape Nome “

Sledge Island

Cape Woolley

625

1
625

1

7

7

8

8

7

8

7

3.5

7

11

9
13

10

6

6

5

4

6

1

2

4

5

4.6 2.5

2.5(20) 1.9
6.8 3.3

2.1(16.8) 1.8

1.2(1.4) 1.5

1.3(1.5) 0.8

1 1.7

1.5 1.3

1.2(1.4) 1

0

2(2.3) 2.8

0.5(1.1) 1

0.8(0.9) 0.8

4

5

2

3

1

7

4

2

1

9.8 1.7

1.4(11.2) 0.6

1.5(1.7) 0.7

0.3(0.3) 0.6

3

2.9 1.8

0.2(0.2) 0.5

1.5(3.4) 0.7

0

a. Includes all organisms except those belonging to the following taxa: Porifera,
Cnidaria, Platyhelminthes, N e m e r t e a ,  Oligochaeta, Copepoda, Tanaidacea,
Insects (except Anurida maritima),  Arachnida,  Acarina,  Sipuncula,  Ectoprocta,
and Ascidiacea.

b. Surface area of quadrat at Stuart Island and Wood Point, boulder/bedrock;
volume at other sites.

c. Numbers in parentheses are means standardized to 8 liters.
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a

Fig. 57. The transect at Stuart Island, Alaska. 8 August 1976.
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Table 17. Abundances of species of algae and invertebrates on the transect at Stuart Island, Norton Sound.

Abundancea

Sample No. 1-5 1-2 1-6 1-3 1-4 1-7 1-9 1-8 1-12 1-13 1-10 1-11 1-14

Species Elevation (cm) 85 76 70 67 64 55 52 46 46 37 30 24 3

Monostroma sp.
Enteromorpha  clathrata
E. intestinalis
~ linza
~v-tuca

lis

ha
-g

~tina pacifica
Pterosiphon_ia bipinnata
Acrochaetium SD.

Gammarus sp.
Anisogammarus sp.

0.2
20+ 6.0 2.3 0.2

<0.1

3.7

7.7

<().1

4.7

0.9

102.847.2 15.9 275.0 216 577.9 467.3 293.9

<().1
38.5

1

56 2

8
2

1
210 663 820 70 316 435 489 702 544

33 14 19 70
38

6.8b

2.7

3.8

3.2
9.9

133.4

28.4 1.2 8.7
<().1

88.4
1.6

2.4
<0.1
4

61.8 129.8 114.3
32.5

8
1

1
112 702

10
4 11

1

3
13

1

0.1

3
1438 2

85 149

a. Number of individuals of animals, wet weight (g) of plants.
b. Sample contained some ~. clathrata.



u n i d e n t i f i e d  b a r n a c l e s  a n d  a r e  n o t  i n c l u d e d  i n  t h e  a n a l y s i s . Organisms

collected in the plots, but not shown in Table 17 included fragments of algae;

mites; oligochaetes; nematodes; a n d  chironomid, dipteran, a n d  coleopteran

larvae.

Fucus

Chthamalus

distichus h a d  g r e a t e s t b i o m a s s  i n  m o s t  q u a d r a t s  ( T a b l e  1 8 ) .

dalii occurred in al l  quadrats, but its wet weight exceeded that of

Fucus in one quadrat only. Fucus and Chthamalus together made up over 50%

o f  t h e  b i o m a s s  i n  a l l  auadrats, exceDt o n e  i n  w h i c h  SDOn  CIOmOrDha  c f .  S .

saxitilis rep laced Chthamalus as  a  codominant  wi th

remain ing species  of  a lgae  that  averaged re la t ive ly

were primarily ephemeral or fugitive species (Table

—

Fucus ( T a b l e

high amounts

18; see section

of ice scouring for a discussion of ephemeral and fugitive algae).

A m o n g  t h e  o t h e r i n v e r t e b r a t e s  a t  o u r  S t u a r t  I s l a n d  s i t e ,

17 ) . T h e

of biomass

on effects

gammarid

amphipods and the sabellid polychaete Fabricia sabella w e r e  p a t c h i l y

abundant. H e r b i v o r o u s  g a s t r o p o d  s u c h  a s  L a c u n a  s p p .  a n d  Littorina s p p .

were uncommon. w edulis was small and rare.

3 .2  Wood Point

Wood Point is on the southeastern shore of Norton Sound east of Stuart

and St.  Michael Islands (Figs. 55 and 5 8 ) . Our study site was composed of

t w o  t y p e s  o f  s u b s t r a t e , peat  and boulder -bedrock,  which we sampled wi th

separate transects. T h e  s u b s t r a t e  a t  t h e  p e a t  s i t e  c o n s i s t e d  o f  d e n s e ,

organic m u d  w i t h  l a r g e  i g n e o u s r o c k s  s c a t t e r e d  o v e r  t h e  s u r f a c e . T h e

substra te”  a t  the  rocky s i te  consis ted pr imar i ly  o f  la rge  angular

(Figs. 59 and 60).

At t h e  p e a t  s i t e , n ine  l - l i te r  cores  were  taken: three each

boulders

at h i g h - ,

middie-, and low-tidal levels. A surface sample and a deep core were taken

in the  lowest  t ida l  zone. At the rocky site, we collected quadrats at meter
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Table 18. S t a t i s t i c s  f o r  10 species of algae  a n d  i n v e r t e b r a t e s  which

quadrats at Stuart Island, Norton Sound.

Avera e$1 Wet Frequency ~f
Species Rank Weight(gb) Occurrence

had the greatest average rank in

Abundance d Dominance e

Fucus distichus

Chthamalus  dalli

Ulva lactuca

Pylaiella l i t t o r a l s

Anisogammarus  sp.
N
& Scytosiphon s p .

Enteromorpha clathrata

Gammarus  sp.

Lacuna vincta

Lacuna sp.

6.1

4 . 8

2 . 8

1 . 9

1 . 5

1 . 3

1 . 2

1 . 2

0 . 8

0.7

131.6, 15.9-577.9

26.1,  0.07-98.2

2.1, 0.04-28.4

3.8, 0.03-7.7

0.6, 0.05-1.6

7, 4-9.9

4 .3 ,  0.2-20+

0.3, 0.06-1.2

0.08, 0.02-0.2

0.08, 0.06-0.1

0.92

1.0

0.62

0.38

0.38

0.15

0.31

0.38

0.23

0.15

---

489, 2-1428

- - -

---

3 8 ,  4-149

- - -

---

33, 10-70

6, 1-13

6, 3-8

11/13

4/13

o

0

0

0

0

0

0

0

a. Rank of wet weight of each species averaged over 13 quadrats (1, lowest weight). Species listed in
order of decreasing rank.

b. Median and range of wet weights per 1/16 m2 in all quadrats  where the
c. Proportion of quadrats that contained the species.
d. Animals only, median and range of number of individuals per 1/16 mz

was found.
e. Proportion of quadrats in which the species was among those making up

in each quadrat began with the heaviest species.

species was found.

in all quadrats  where the species

50% of the wet weight. Summation
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Fig. S9. Lower end of transect at Wood Point. 9 August 1976.
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Fig. 60. Upper end of transect at Wood Point. 9 August 1976.
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intervals along the transect (Table 19). One additional quadrat was collected

at 10 m on the transect.

The abundances of most distinquishable species of algae and

invertebrates

Two cores

unidentifiable

diatoms, and

collected in the cores at the peat site are shown in Table 20.

c o n t a i n e d  n o macroscopic organisms. O n e  c o n t a i n e d  o n l y

a lga l  f ragments . Other  b iota  in  the  cores  inc luded colonia l

f r a g m e n t s  o f  a l g a e ,  s e a g r a s s ,  a n d  ectoprocts. M o s t  o f  t h e

species found in the cores are characteristic of rocky shores and may have

drifted onto the mud from the adjacent boulder beach. The biomass of even

the largest species in the cores was low (Table 20).

collected near the low-tide contour and sieved through

only

3.3

Anisogammarus sp.

Malikfik Bay

Malikfik B a y  i s  a  t i d a l  f l a t  o f  p e a t  a n d  m u d

One bucketful of mud

a 2 mm sieve contained

c o v e r e d  b y  t e r r e s t r i a l

grasses and laced with t idal channels and shallow, brackish ponds (Figs. 55

and 61 ). The outer  area  fac ing Nor ton Sound is  sand covered wi th  deep

r i p p l e  m a r k s  ( F i g .  6 2 ) . The lagoon is  protected,  and when we were  there

the  water  was warm and brack ish . W e  col Iected f i f teen 1  - l i te r  cores ,  f ive

e a c h  i n  t h e  l o w - , m i d - , a n d  u p p e r - t i d a l  z o n e s  ( T a b l e  2 1 ,  F i g .  6 3 ) . T h e

quantitative samples yielded very small  numbers of plants and animals. Algae

were r e p r e s e n t e d  b y  t h r e e  s p e c i e s  o f  b l u e - g r e e n  a l g a e  ( C y a n o p h y c e a e ) .

L e w i s  (1964,  p.  163)  has

salt-marsh turf-habitat in

other groups, constituting

interest was the presence

observed that blue-green algae are abundant in

Scotland. Polychaetes  were more numerous than

about one-third of the animal species. Of g rester

of the shrimp Crangon  sp. , not often noted in

intertidal sampling, especially in mud cores such as we used.
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‘rable 19. Abundances of the most frequently occurring species of algae and invertebrates on the rocky

intertidal transect at Wood Point.

Abundancea

Sample No. 1-0 1-4 1-1 1-2 1-5 1-6 1-10 1 - 1 O A  1 - 7  1 - 9 1-8 1 - 1 3  1 - 1 1  1 - 1 2

Species Elevat ion(cm)  286 268 262 259 247 235 235 235 232 229 222 220 213 213

Enteromorpha clathrata
Pylaiella l i t t o r a l s
Sphacelaria racemosa
Fucus distichus

Anfsogammarus sp.
Eucratea loricata

24.4
15.6

19.3  20.3
0.1

nnata

0.02

0.9
2.5
0.01
200.4 18.4 50.6
2.0 0.03 0.2

0.09
0.2 0.07

0.02

<0.01
1
2
2

20 16

1

8 . 9

0 .04

22

0.01
0.01

215.5
0 . 2

0.04

0.02

2

22.0

0. 02b
0.01

114
0.6

0.04

<1). 01
0.02

0.04
0.4 0.2 0.01

0.03 <0.01
122.5 145.8 447.4 336
0.09 2.2 2.2 2.1

0.01 0.24
3.4 2.6

0.06 0 .04
0.02

0.2

1
2 2 14 18

1
12 2.lc 8

5
0 .02

253

0.03

57

3

a. Wet weight (g) of plants, hydroids,  and bryozoans, number of individuals of animals.
b. Enteromorpha cf. E. clathrata.
c. Wet weight (g); ifidividuals not counted.



Table 20. Abundances of species of algae and invertebrates at the peat site at

Wood Point, Norton Sound.

Abundancea

Sample No. BH-1 BM-1 CM-1 AL-I BL-I CL-1

Species Elevation(cm) 296 -- -- 204 204 204

Fucus Sp. o. 3fb

FLKUS distichus o.3f o.2f

Acrochaetaceae <0.01

Ahnfeltia pl~cata <0.01 0.06 <0.olf 0 . 0 4

Gigartinaceae <0.01 O.lf 0 . 0 4

Iridaea sp. 0 . 1

Pteros’iphonia bipinnata 0.06 0.04 0 . 0 1  0 . 1

Oligochaeta 52 2 23

Gammaridea 1

a. Number of individuals of animals, wet weight  (g) of plants.
b. f = fragments.

,.
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Fig. 62. Wetlands in the vicinity of Malikfik Bay. 10 August 1976.

Fig. 63. Study area on a beach seaward of Malikfik Bay. 10 August 1976.
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e 21. Abundances of species of a“gae and invertebrates in l-liter cores at Mali kfik Bay, Norton Sound.

Plot No. u-1 u-2 u-3

Abundancea

u-4 u-5 N-1 M-2 M-5 M-3 M-4 L-1 L-2 L-5 L-3 L-4

Species Elev. (cm) 58 58 58 55 52 40 40 40 37 37 18 18 18 15 15

Oscillatoriaceae 0.004 0.002 0 . 2
Microcoleus/Lyngbya? + 0 . 6 0 . 1 0.008 0.2 0.2

Nemertea 1

Eteone  longs
Glycinde picta
Pygospio  elegans
Pygospio sp.
Rhynchospio  sp.
Arenicola glacialis

Oligochaeta 14

Turtonia

Copepoda

Saduri a
W

occidentals

entomon
Sp.

Chironomidae

1

1

1 1
1

2

1

1

1 6

1

1

2
4 3

0.001

3 1
1

lpb

a. Number of individuals of animals, wet weight (g) of plants.
b. P = pupa.



T h e  t i d a l  f l a t

and character ized .

flatfish, a b o u t  5 cm

and the sand beach seaward of it were examined on foot

The shallow tidal channels contained numerous small

long, and several shrimp, 5 to 10 cm long. The channels

covered a large area, and every channel contained many of these shrimp and

s m a l l  f i s h . T h i s  p r o t e c t e d  a r e a  c o u l d  b e  a  n u r s e r y  s u p p o r t i n g  l a r g e

populations o f  j u v e n i l e  f i s h . T h e  s a n d  b e a c h  f a c i n g  N o r t o n  Sound w a s

l i t tered wi th  dr i l led  shel ls  of  c lams of  severa l  species  (F ig .  64) ;  the  shells

were  probably  dr i l led

were abundant on the

populations are largely

by moon snai ls  (Fami ly  Naticidae), whose egg col lars

beach. We found no live molluscs, so we assume such

subtidal.

3 . 4  C a p e  Denbigh

C a p e  Denbigh is a rocky promontory that juts into Norton Sound at the

southeastern corner of Norton Bay (Figs. 55 and 6 1 ) . Our  s tudy area  east

of  the  Cape was a  south- fac ing sand beach wi th  a  gent le  10°  s lope. The

beach was divided into four t idal strata,  and we dug two 2-l i ter samples from

each stratum (Table 22).

Samples from the upper t idal stratum contained only empty bivalve shells

(Macoma  s p . and Clinocardium sp. )  and sea-grass  f ragments . T h e  orIly l ive

organisms in  the  remainder  of  the  samples  were  the  polychaete Eteone !onga

and crustaceans. The Iysianassid gamma rid Onisimus Iittoralis o c c u r r e d  m o s t

f r e q u e n t l y  ( p r e s e n t  i n  8 3 %  o f  o u r  s a m p l e s )  a n d  h a d  t h e  g r e a t e s t  a v e r a g e

abundance (5 .3  indiv iduals /sample)  a t  mid-  and low- inter t ida l  leve ls . T h e

r e m a i n s  o f  s e v e r a l  s p e c i e s  o f  b i v a l v e s  (  lMacoma sp. , ~. _Iama, ~. balthica,

Tellina lu tea ,-*J — and @ sp. )  and an unidentif ied gastropod were

found in three samples from mid- and low-tidal levels. Many shells of these

a n d  o t h e r  s p e c i e s  o f  molluscs ( i . e .  Natica clausa, Polinices pallida, Serripes
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Fig. 64. Bivalve shells (probably Siliqua alta and other
unidentified species) driq=cid snails.
The clams were among the drift material on the
beach seaward of Malikfik Bay. 10 August 1976.
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Table 22. Abundances of invertebrates in sand samples from Cape Denbigh,

Norton Sound.

Abundance a

Sample No. AM-1 BM- 1 AN- 1 BN-11 AL-1 BL-1

Species Elevation (cm) 49 49 34 34 6 6

Eteone longs 1 1

Neomysis czerniawskii 25

Pontoporeia affinis 2

Onisimus l i t t o r a l s 4

!XU!X!D  SP” 1

15 4 7 2

a. Number of individuals/quadrat.

,;
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groenlandicus, Clinocardium californiense  and Solariella s p .  )  w e r e  s c a t t e r e d

o v e r  t h e  b e a c h , presumably  washed ashore  f rom the  subl i t tora l  reg ion.

3 .5  Golovnin L a g o o n

Golovnin Lagoon is  located a t  the  head of  Golovnin Bay in northcentral

N o r t o n  S o u n d  ( F i g s .  5 5  a n d  6 5 ) . We sampled a  sand beach on the  south

shore of the Lagoon (Fig. 66). The site was chosen because we saw from the

air an apparently dense eelgrass bed nearby; closer inspection revealed that

the eelgrass bed was less dense than it had appeared.

The Lagoon was separated from a small  bay to the southeast of it by a

1 .5  km long sand spi t . On the  nor thwest  s ide  of  the  sp i t ,  we d iv ided the

beach into three zones based on t idal elevation. In each zone three 7-l i ter

samples each comprising seven haphazardly placed l- l i ter cores were collected

{Table 1 5 ) . In  addi t ion, a  l - l i te r  core  was taken in  the  ad jacent  ee lgrass

bed. On the southeast shore of the spit , three 1 -liter cores were collected.

Sea-grass fragments (presumably eelgrass, Zostera  marina) were present

in all  of the 7-l i ter samples that contained organisms (Table 23).  One lower

intertidal sample c o n t a i n e d  n o organisms. T h e  f r a g m e n t s  i n d i c a t e d  a

r e l a t i v e l y  l o w  s t a n d i n g  s t o c k  ( m e a n , 3 3 . 4  g  w e t  w t / m2 ) . McRoy (1970)

estimated the standing stock of eelgrass in Safety Lagoon, which is about 65

km to the west of Golovnin L a g o o n , to be over 400 g dry wt/m2 i n  S e p t e m b e r

1967 (  Fig.  2 of McRoy 1970; 357 g/m2 i n  S e p t e m b e r  1 9 6 8 ,  M c R o y  1 9 6 9 ) .  W e

do not have data on the dry weight of the sea grass in our samples, but it is

obvious from the wet weights that the standing stock at our site was much

less  than a t  Safe ty  Lagoon. Since our samples were taken intertidally and

probably near the upper physiological l imits of eelgrass and Nlc Roy ’s samples

w e r e  p r o b a b l y  t a k e n  subtidally w h e r e  eelgrass b e d s  a r e  l i k e l y  t o  b e  m o r e

highly d e v e l o p e d , our  resul ts  are  not  comparable  wi th  h is . Nevertheless,

255



3I

-uqilt.

poq.
pcq

eot

)
dO

0

fl
A

J
M

ll'
W

0J
03

T
I

E
IT

12
T

4I
O

m
2

z

Q

2
a
0
w

I
-m

u
a+-,-
U

+
c

c
c,“
+
n
L
c

;

c.-
U



1,'

Fig. 66. Study site at Golovnin Lagoon. 11 August 1976.
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Table 23. Abundances of plants and invertebrates in eight 7-liter samples from a sand beach at Golovnin

Lagoon, Norton Sound.

Abundancea

Sample no. H-3 H-2 H-1 M-1 M-2 M-3 L-2 L-3

Species Elevation (cm) 94 91 76 73 70 67 6 6

Osctllatoriaceae <0.01  < 0 . 0 1 0 . 0 3  <0.01 <0.01

Rhodomelaceae 0.5

Seagrass fragments 0.02 0.2 0.2 2.2 11.0 4.8 0.1 0.2

IQ Oligochaeta 5 8 6 3 7 1
G
m

Gammarus “sp. 1 3

Insect larvae 1

a. Number of individuals of animals, wet weight (g) of plants.



McRoy (1970) concluded from his comparison of eelgrass beds at 10 locations

t h r o u g h o u t  A l a s k a  t h a t  s t a n d i n g  s t o c k  d i d not  appear  to  change a long a

latitudinal gradient of increased environmental rigor, but depended instead on

“conditions of the local environ merit.” Therefore, one would not necessarily

expect  two s i tes  a t  the  same la t i tude  to  have  comparable  s tanding s tocks.

o

fi

The most  f requent ly  occurr ing inver tebrates  in  the  sand samples  were

igochaeta  (Table  23) . The samples  f rom the  shore  of  the  bay  conta ined

amentous b lue-green a lgae (Fami ly  Oscillatoriaceae), mysids (Neomysis  sp. ),

and midges (Fami ly  Chironomidae). Small amounts of sea grass (0.07 g wet

weight) were present in one of the three cores.

3 . 6  R o c k y  P o i n t

Rocky Point marks the southwestern l imit of Golovnin Bay at its entrance

( F i g s .  55 a n d  6 5 ) . We sampled a gradually sloping beach composed of sand

at upper leve ls  wi th  increasing amounts  of  gravel  toward lower  t ida l  leve ls

(F ig .  67 ,  Table  24) .

A  to ta l  o f  s ix  samples  was col lected a t  haphazard ly  se lected points  in

three tidal zones: three samples in the high zone, one in the mid zone, and

two in  the  low zone. For each sample the substrate was shoveled into an

8- l i ter  bucket .

The samples  conta ined few organisms (Table  24) . Biota exc luded f rom

Table  24  inc lude unident i f ied  colonia l  d ia toms, filamentous a lgae  f ragments ,

and polychaete f ragments .

A rocky  area  ad jacent  to  the  sand beach was examined for  in ter t ida l

biota by S. Zimmerman (unpublished data, 1976, on file Auke Bay Laboratory,

P.o. B o x  155,  Auke Bay ,  Ak .  99821) . Most of i t  was bare, but small  2 - 1 0

mm barnacles (probably Chthamalus dalli) formed a patchily dense cover (100%

cover in some patches) in the t idal range from low water to +60 cm. Fucus
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Fig. 67. Study site near Rocky Point. 11 August 1976.
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Table 24. Abundances of plants and invertebrates in five 8-liter samples from

a sand beach at Rocky Point, Norton Sound.

Abundance a

Sample No. H-2 H-1 H-3 M-1 L-1

Species Elevat ion(cm)  119 113 107 52 6

Seagrass fragments 0.07 0.02

Phyllodocidae 1

Naineris quadricuspida 1

Cirratulus cirratus 1

Tharyx sp.

Oligochaeta

Nematoda

Leucon nasica

Insects 1

Hemiptera <0. Olb

1

1

1

1

a. Number of individuals of animals, wet wt.  (g) of plants.
b. Wet wt.  (g). Individuals not counted.
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Sp . was uncommon;

intertidal organisms

3.7 Square Rock

Mytilus was rare . The general pattern of distribution of

w a s  s i m i l a r  t o  t h a t  d e s c r i b e d  below  for Sledge Is!and.

Square Rock is about 15 km to the

N o r t o n  S o u n d  ( F i g s .  5 5  a n d  6 8 ) .  W e

beach (Fig. 69). Samples were collected

zones. !n each of the two upper zones,

eight haphazardly placed 1 -liter cores

semi-quantitative sample about 8 liters i n

~ast of Topkok Head in north central

sampled a gradually sloping gravel

f rom high- ,  middle- ,  and low-t ida l

two 8-liter samples each comprising

w e r e  c o l l e c t e d  ( T a b l e  1 5 ) . One

size was collected in the low zone.

T a b l e  2 5  s h o w s  t h e  d i s t r i b u t i o n  a n d  r e l a t i v e  a b u n d a n c e  o f  e l e v e n

invertebrates in three samples from Square  Rock. One of the two remaining

samples c o n t a i n e d  n o  o r g a n i s m s ; t h e  o t h e r  c o n t a i n e d  o n l y  f r a g m e n t s

filamentous green a lgae  covered wi th  d ia toms. The three samples shown

Table 25 also contained fragments of algae , ectop rocts, and Crustacea.

of

in

Samples from the highest t idal zone contained

the partial  remains of a barnacle; samples from the

c o n t a i n e d  errantiate ( E t e o n e  Ionga) and tubicolous

oligochaetes, insects ,  and

middle and low-tidal zones

Pygospio a n d  Amphiglena

polychaetes, insects , and nestl ing gammarids Anisoqammarus and Paramoera .

3 . 8  B l u f f

B!uff is about 10 km east of Topkok Head in northcentral  Norton  S o u n d

(Figs. 55 and 68). We sampled a moderately sloping mixed gravel and sand

beach to the west of the steep bluffs (Fig.  70).

As at most other sites in Norton Sound, we collected composite samples

f r o m  h i g h - ,  m i d d l e - ,  a n d  l o w - t i d a l  z o n e s . In  each zone, we CO I I ected two

7-liter samples, each composed of seven haphazardly placed l-liter cores. All

were surface cores except two which were deep cores taken in the low tidal

zone.
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Fig. 69. View to the east from the study area at Square Rock.
12 August 1976.
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Table 25 .  Abundances of  inver tebrates  in three 8-l i ter samples from a gravel

beach at Square Rock, Norton Sound.

Number of Individuals

Sample no. H-1 f+ 1 L-1

Species Elevation (cm) 119 67 15

Eteone longs 1

Pygospio  sp. 1

Amphiglena  sp.

Oligochaeta

Cirripedia

Amphipoda A

Amphipoda  B

1

2

l a

1

1

Anisogammarus sp. 1

Paramoera  columbiana 1

Psyllidae 5 1

Hymenopteran 1 1

a. Shell absent.



Fig. 70. View east from the study site at Bluff. 12 August 1976.
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Oligochaetes, hemipterans, and homopterans w e r e  t h e  p r e d o m i n a n t

organisms in upper and middle intertidal samples (Table 26).  The two Nlytilus

in  sample  AH-1  were less  than 1 .5  cm long and had probably  set  s ince  the

prev ious winter . Samples from the low tidal zone contained a small amount of

brown a lgae  (Order  Dictyosiphonales), sessile scyphozoans (Haliclystus  s p .  ) ,

and polychaetes (  Eteone longs a n d  Asabellides sibirica). Unidentifiable

fragments of red and filamentous green a lgae  occurred

below the tidal elevation of +168 cm, but are not shown

3.9 Safety Sound

Safety Sound

northwestern shore

( L a g o o n )  i s  a n  e n c l o s e d  b o d y

in four samples at and

in Table 26.

o f  w a t e r  a l o n g the

o f  N o r t o n  S o u n d  ( F i g s .  5 5  a n d  7 1 ) . Our sampling site

was a  gently  s l o p i n g  s a n d  a n d  m u d  b e a c h  j u s t  e a s t  o f  t h e  e n t r a n c e  t o  S a f e t y

Sound (F ig . 72; Table 15).

Eight semi-quantitative samples, each wi th  a  vo lume of  about  8 - l i ters ,

were collected; one sample represented the high-tidal zone, three were from

the middle- t ida l  zone, and four were from the low-tidal zone. Samples from

the low and middle zones were collected under water.

Six samples contained whole organisms (Table 27).  The sample collected

a t  t h e  h i g h e s t  t i d a l  l e v e l  c o n t a i n e d  o n l y  f r a g m e n t s  o f  seagrass, and one

sample from the low zone contained no organisms. In addition to the whole

organisms shown in Table 27, the samples contained fragments of green algae,

polychaetes, and b iva lves . Diatoms were epiphytic on the green a l g a e .

3.10 Cape Nome

Cape hlome is on the northwestern shore of Norton Sound about 20 km

southeast of Nome (Figs. 55 and 71 )  . We sampled a wide, gently sloping,

sandy beach west of the Cape.
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Table 26. Abundances of plants and invertebrates in six

gravel and sand beach at Bluff, Norton Sound.

Abundancea

7-liter samples from a

Sample no. BH-1 Al-l-l BM- 1 AM-I AL-1 BL-1

Species Elevation (cm) 186 168 152 116 49 49

Dictyosiphonales 0.7

Gigartinaceae 0.1

I-laliclystus sp. 1

Polychaeta 1

Eteone longs 1

Asabellides sibirica 1

CIIigochaeta 1 1

hlytilus edulis 2

Hemiptera 2

Homoptera <.olb 2 4

Number of individuals of invertebrates, wet wt. (g) of plants.
:: Wet wt. (g). Individuals not counted.

3
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Fig. 72. Study site near the entrance of Safety Sound. 14 August 1976.
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Table 27. Abundances of plants and invertebrates in six 8-liter samples from a

sand and mud beach at Safety Sound, Norton Sound.

Abundance a

Sample no. AM- 1 CM-1 BM-1 AL-I BL-1 DL-I

Species Elevation(cm) -24 -24 -27 -27 -37 -46

Oscillatoriaceae  cf. Lyngbya

Bacillariophyceae <.01

Chlorophyta

Rhodomelaceae

<.01

< . 0 1  <.01

Glycinde  picta 1

Pygospio sp.

Arenicola glacialis

Bivalvia

2 +b 3

0.3

.03

3

Pontoporeia  affinis 1 1

Number of individuals of invertebrates, wet wt. (g) of plants.
:: + = present; no counts made.
c. Shell  absent.
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The beach was divided into four zones based on the tida!  height. F  rorn

each of two zones, the highest and lowest, we took two 7-liter samples each

composed of seven h a p h a z a r d l y  placed 1 - l i ter surface. O n e  7 - l i t e r  sample

collected in the same way was taken from each of the two intermediate zones

( T a b l e  1 5 ) .  I n  a d d i t i o n , two cores  ( l - l i te r  each)  were  taken f rom the  lower

middle-intertidal zone.

One sample e a c h  f r o m  t h e  h i g h -  a n d

organisms or  f ragments  thereof ;  the  rest  o f

( T a b l e  2 8 ) .  Flustrella g i g a n t e a  h a d  p r o b a b l y

upper -middle  zones conta ined

the samples contained no biota

washed ashore from sublittoral!

depths . Feder and Mueller (1974) report Flustrella sp. f rom trawl samples in

the depth range 13 to 23 meters in waters off  Nome.

3 .11  Sledge Is land

Sledge Island is

P e n i n s u l a  ( F i g s .  5 5

a small  island of f  the  southwestern  coast of the Seward

a n d  7 3 ) . T h e  s h o r e  of t h e  i s l a n d  w a s  c o v e r e d  w i t h

bouiders, except where short stretches of sand and gravel beach intervened.

We collected six samples of coarse sand from a beach on the southwest side of

t h e  i s l a n d  (Fig. 7 4 ) . A pair of samples was collected in each of the high- f

m i d d l e - ,  a n d

Samples were

l o w - i n t e r t i d a l  z o n e s  b e t w e e n  t h e  1 8  and 158 cm t ide  leve ls .

shoveied into separate 3.5-l i ter buckets (Table 15).

Few species  were  found in t h e  q u a n t i t a t i v e  s a m p l e s ,  a n d

species, worms were  most  preva lent  (Tab le  29 ) . Oligochaetes

four samples and were most abundant in the mid-intertidal zone.

among these

occurred in

Two species

of polychaete a n d the coliembolan A n u r i d a  m a r i t i m a  o c c u r r e d  i n  t h e

mid- inter t ida l  zone samples . T h e  o n l y  i d e n t i f i a b l e  a l g a  w a s  a  s p e c i e s  o f

Rivulariaceae. Fragments of red algae, ectoprocts, and crustaceans were also

found in our samples, probably cast up from the subtidal region.
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Table 28. Abundances

a sand beach

of plants and invertebrates in two 7-liter samples from

near Cape Nome, Norton Sound.

Abundance a

Sample no. BH u

Species Elevation (cm) 28 6

Oscillatoriaceae cf Lyngbya

Sphacelaria racemosa

Rhodomelaceae

Potamogetonaceae

Flustrella  gigantia

0.1

0.05

0.06

3.1b o. 05b

0.2

Onisimus litoralis 1

a. Number of individuals of Onisimus, wet wt. (g) of plants and
Flustrella.

b. Fragments.
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Fig. 74. Sledge Island study site, Norton Sound. 7 August 1976.
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Table 29. Abundances of species of algae and invertebrates in samples from a

sand beach at Sledge Island, Norton Sound.

Abundance a

Sample No. H - l ( A )H-lB “M-1A M- lB L-1A L-lB

Species Elevation (cm) 158 158 98 94 18 18

Rivulariaceae  c f .  Rivularia

Eteone Ionga

Saccocirrus  sp.

Oligochaeta

Anurida maritima

Diptera

Culicidae 1

.005

2

47 32

3 88 49 2

18

2L b 2

a. Wet weight (g) of plants, number of individuals of animals.
b. L = la rvae .
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We also made

the sampling site.

c l u m p s  o f  Fucus

qualitative observations of the biota at a boulder area near

The tops of the boulders were nearly bare, but we noted

in  crev ices  (F ig . 75)  and patches of  smal l  (5  to  10  mm)

barnacles. Al l  sessile o r g a n i s m s  o c c u r r e d  b e l o w  MLLW,  and only  Iittorine

snails were seen above this level (Fig. 76).

3 . 1 2  C a p e  Woolley

Cape Woolley  is on the southwestern shore of the Seward Peninsula about

55 km northwest of Nome (Figs. 55 and 77). We sampled a moderately sloping

sand beach to  the  nor th  of  the  bedrock headland a t  Cape Woolley  (Fig. 78)

and made observations of the biota on rock at the headland itself.

The sand beach was d iv ided into  h igh,  middle ,  and low zones. From

each zone, we collected two samples, each composed of seven haphazardly

p l a c e d  l - l i t e r  s u r f a c e  c o r e s  ( T a b l e  1 5 ) . In  addi t ion, two 7- l i ter  samples

composed from deep cores were taken in the middle and high zones.

Seven samples c o n t a i n e d  w h o l e  o r g a n i s m s  o r  f r a g m e n t s  t h e r e o f .  O f

these, t h r e e contained o n l y  f r a g m e n t s  o f  a l g a e , seagrass, hydroids,

ectoprocts, isopods, and insects. Two samples taken from 10 to 20 cm below

the sur face  of  the  sand conta ined only  the  remains  of  hydroids, ectoprocts,

and insects. Ectoproct fragments occurred more frequently than other biotic

remains, b e i n g  p r e s e n t  i n s i x  o f  t h e  s e v e n  s a m p l e s . A s  w i t h  hydroid

fragments, the ectoprocts had probably  washed ashore  f rom subt ida l  depths.

Barr  ( in  Z immerman et  a l . 1977)  observed both  groups a t  a  depth  of  55  f t

(16.8 m) four miles (6.4 km) offshore from Cape Woolley. The abundances of

organisms in those samples containing whole organisms are shown in Table 30.

At the headland, Zimmerman saw small patches of Fucus on inaccessible

offshore rocks , and south of the headland he noted complete coverage of a

r o c k y  a r e a  b y  Chthamalus, Fucus, a n d  d i a t o m s  ( F i g .  7 9 ) . He also indicated
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Fig. 7S. Fucus sp. growing between boulders below MLLW. All sessile
aims were restricted to such sheltered habitats on the
boulder beach at Sledge Island.

Fig. 76. Littorina  sp. grazing a patch of algae (dark area in center)
on boulder at Sledge Island.

,
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The shop seemed to be full of
all manner of curious things--but
the oddest part of it all was
that, whenever she looked hard at
any shelf, to make out exactly
what it had on it, that particular
shelf was always quite empty,
though the others round it were
crowded as full as they could
hold.

“Things flow about so here!”
she said at last in a plaintive
tone, after she had spent a minute
or so in vainly pursuing a large
bright thing, that looked
sometimes like a doll and
sometimes like a work-box, and was
always in the shelf next above the
one she was looking at. “And this
one is the most provoking of all--
but I’ll tell you what--” she
added, as a sudden thought struck
her. “1’11 follow it up to the
very top shelf of all. It’ 11
puzzle it to go through the
ceiling, I expect!”

But even this plan failed:
the “thing” went through the
ceiling as quietly as possible, as
if it were quite used to it.

Through the Looking Glass

Lewis Carroll
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Fig. 78. Study site on a sand beach north of Cape Woolley. 13 August 1976.

Fig. 79. Rock at Cape Woolley covered with FUCUS, Chthamalus, and an
unidentified filamentous alga. 15~st 19i6.
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Table 30. Abundances of plants and invertebrates in four 7-liter samples from

a sand beach at Cape Woolley.

Abundance a

Sample no. AH-1 BH-1 Bkl- 1 AL-1

Species Elevation(cm] 131 94 91 34

Cyanophyta <. Olfb <.01

Fucus Sp. <. Olf

Capitella  capitata 1

Cirratulus cirratus 1

Gammarus sp. 1

Hymenopteran . Olc

Cu?icidae 1

a. Number of individuals of animals, wetwt. (g) of plants.
b. f = fragment.
c. Wetwt .  (g]. Individuals not counted.
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t h a t  i n t e r t i d a l  tidepools c o n t a i n e d  o n l y  d i a t o m s  a n d  t h a t  t h e  d r i f t  biota

i n c l u d e d  zooecia  and shells of ectoprocts and Mytilus, r e s p e c t i v e l y .

3 . 1 3  Kinq Island

King Is land is  a  smal l  rocky is land in  the  nor thern Ber ing Sea 53  km

w e s t  o f  C a p e  D o u g l a s  o n t h e  S e w a r d  P e n i n s u l a  ( F i g .  8 0 ) . C l i f f s  r i s e

prec ip i tously  f rom the  sea  here  and provide  only  a  narrow inter t ida l  zone

o c c u p i e d  by very  large  boulders  (F ig .  81) . We made no intertidal collections

because few macroscopic organisms were present (Fig. 82). The boulders at

the  water ’s  edge were  covered wi th  a  s l ippery  f i lm of  green or  b lue-green

algae;  smal l  patches of  Halosaccion glandiforme occurred in depressions and

cracks in the rock surface. Recent scouring of the intertidal area by ice was

presumably  responsib le  for  the  ext remely  low species  d ivers i ty  of  in ter t ida l

organisms.

A d j a c e n t  t o  o u r  i n t e r t i d a l  s i t e , d ivers  made observat ions of  the  sub-

littoral region to a depth of 25 m (Zimmerman et al .  1977).  They recorded a

diverse benthic biota including starfish (Crossaster and Leptasterias),  basket

s t a r s  ( p r o b a b l y  Gorqonocephalus), crabs  (  Hyas  and Paralithodes platypus) ,

t u n i c a t e s  ( Boltenia), a n d  a b u n d a n t  k e l p s  (  Laminaria, Alaria, and Agarum) .

The ner i t ic  reg ion was a lso r ich ly  populated wi th  inver tebrates .  The d ivers

observed evidence of disturbance of the substrate by ice down to a depth of

at least 26 m.
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Fig. 8 0 . Location of the study site at King Island.
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Fig. 81. Boulder-strewn intertidal area at King Island. Biological
cover consisted almost exclusively of a thin film of green
or blue-green algae. 6August 1976.
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Fig. 82. Intertidal sampling area below abandoned village at King
Island. Random sampling was begun but was discontinued
because of the paucity of intertidal biota. 6 Au~st 1976.
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B. Ef fects  of  Scour ing by  Sea Ice  on inter t ida l  Communi ty  Structure

1. Physical Disturbance by Sea Ice

T h e  Pribilof Islands are near the southern l imit of sea ice in the Bering

Sea. Wise and Searby (1977) summarize observations on the distribution and

coverage of  sea ice  in  the  Ber ing Sea for  the  per iod 1954 through 1970.

They show the Pribilof Islands at the southernmost latitude of 15-day means

of the edge of the pack ice from February through April  . Amak and Akun

Islands are shown south of the extreme southern limit of the pack-ice edge in

a l l  months of  the  year , a l though Amak Is land is  shown near  this l imit from

February through April .

We used information on the distribution, coverage, and thickness of sea

ice in  the  Ber ing Sea that  was conta ined in  weekly  summary (“Southern  Ice

Limit t’) or “30 Day Sea Ice Forecast” charts of the Navy Fleet Weather Facility

to  determine sea  ice  condi t ions in  the  southern  Ber ing Sea in  f ive  winters

(1972-76) immediately preceding and during our f ield studies

T h e  c h a r t s  w e r e  d r a w n  p r i m a r i l y  f r o m  s a t e l l i t e  i m a g e r y

conventional observations. 1 The records that were available

there  (Table  31) .

supplemented by

to us at the time

of this writ ing for the years prior to 1972 were inadequate for determining ice

conditions in the vicinity of the Pribilof and Amak Islands.

The ice charts show that the Pribilof Is lands were  surrounded by  pack

ice  in  four  out  of  f ive  winters  immediate ly  preceding and dur ing our  f ie ld

s t u d i e s  (Table 31). In  the  winter  o f  1973  when the  Pribilofs were  ice  f ree ,

St. Paul  Is land was very  near  the  southern l imi t  o f  ice  in  la te  Apr i l . T h e

southern l imit of ice is shown in the vicinity of Amak in 2 years (1974 and

1976) ,  but  the  smal l  sca le  of  the  char ts  d id  not  a l low a  determinat ion of

whether the ice reached Amak.

1 “ Conventional observations include those obtained from ships, shore stations,
and aerial reconnaissance.
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Table 31. Sea Ice at the Pribilof Islands and Amak Island in Five Recent Winters. a

IQ
coco

Pribilof Islands Amak Island

Dates of fir t
B

Tota l  days  Highest  cov~rage Dates of fir t
a

Total days Highest coverage
Year and last ice in ice (Oktas) and last ice in ice (Oktas)

1976 24 Jan. , 4 May 20(8)d not available 27 Mar. , 27 Apr. 8 7-8

1975 18 Jan. , 30 Mar. 23(14)C 6-8 I C E  F R E E

1974 26 Feb. , 30 Apr. 7 ( 3 1 ) 4 - 6 26 Feb. , 12 Mar. 15 5-7
(Amak at ice edge)

1973 I C E  F R E E I C E  F R E E
(St. Paul near ice edge on 24 April 1973)

1972e 20 Mar. , 5 Apr. ( 1 7 ) 7 - 8 I C E  F R E E

a . Data from weekly summary, “Southern Ice Limit”, or “30 Day Sea Ice Forecast”
charts of the Fleet Weather Facil i ty,  U .S. Navy, Suitland, M a r y l a n d .

b . Islands were not necessari ly iced in during entire period between first and last dates.
c. Amount of ice cover in eighths.
d . Number in parentheses indicates added days St.  Paul and Otter Islands but not

St.  George Island were in ice.
e . Data for 1972 available to us at the time of this writing were incomplete.



T h e  m o s t  i m p o r t a n t  e f f e c t  o f  p a c k  i c e  o n  i n t e r t i d a l  c o m m u n i t i e s  o f

organisms is probably scouring of the substrate. In the Pribilof I s l a n d s  i c e

scouring is a f r e q u e n t  a n d probably widespread and severe physical

d is turbance to  in ter t ida l  communi t ies . P a c k  i c e  a p p e a r s  t o  b e  n e a r l y  a n

annual  occurrence in  the  Pribilofs, at least in recent years, and is therefore

f requent  wi th  respect  to  the  l i fe  span of  most  of  the  ecologica l ly  important

inhabitants.

Sea  ice  occurs  a t  the  Pribilof I s l a n d s  i n  l a t e  w i n t e r  a n d  e a r l y  s p r i n g

( T a b l e  3 1 ) . A l though ext reme spr ing t ides  occur  there  in  ear ly  winter  and

early summer, tidal f luctuations during the period of sea-ice coverage result

in most intertidal levels being subject to ice scouring. Moreover ,  when the

i s l a n d s  a r e  s u r r o u n d e d  by i c e , t h e r e  a r e  p r e s u m a b l y  f e w  s t r e t c h e s  o f

shoreline u n a f f e c t e d  b y  s c o u r i n g . S c o u r i n g ,  t h e r e f o r e ,  i s  a  widespred

disturbance both horizontally and vertically in the Pribilofs.

Many of the dominant organisms in intertidal communities are sedentary

and therefore  cannot  re t reat  in to  crev ices  in  bedrock or  the  in terst ices  of

boulder f ields or migrate to lower levels to avoid being crushed or scraped

from the  substra te  by  sea  ice . The removal of large numbers of dominant

o r g a n i s m s  f r o m  s u r f a c e s  e x p o s e d  t o  s c o u r i n g  w o u l d  s e v e r e l y  d i s t u r b  t h e

organization of an intertidal community.

I  n theory, disturbances that are frequent, widespread and severe should

simplify communities by reducing species r ichness (Gr ime 1973,  Lev in  and

Paine 1974, Huston 1979).  From the above statements, we would expect lower

species r i c h n e s s  i n  i n t e r t i d a l  c o m m u n i t i e s  a t  t h e  Pribilofs t h a n  a t  n e a r b y

islands which are less frequently affected by sea ice.
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1.1  Is land Biogeography

In terrestrial systems species richness on oceanic islands depends on and

is usually rel iably predicted by the size of the island and its distance from

the nearest mainland area, factors which affect the rates of immigration and

ext inct ion of  potent ia l  is land colonists  (MacArthur  and Wi lson 1963,  1967) .

A l t h o u g h  f i e l d  e x p e r i m e n t s i n  t h e  m a r i n e  e n v i r o n m e n t  g e n e r a l l y  t e n d  t o

s u p p o r t  t h e  M a c A r t h u r - W i l s o n  t h e o r y  o f  i s l a n d  b i o g e o g r a p h y ,  a t  l e a s t  one

study contradicts the simple linear m o d e l  (Schoener e t  a l .  1!378).

Furthermore, all tests of the model were conducted on patches of environment

(not true islands) such as plastic mesh sponges (Schoener  1974a), slate, wood

o r  a s b e s t o s  p a n e l s  (Schoener 1974b, O s m a n  1 9 7 8 ) ,  a n d  r o c k s  (Osman 1978)

none of which exceeded a surface area of 2500 cmz.

For the purposes of the present discussion, we assume that the effect of

island size and distance from the source area (mainland Alaska) on differences

in  wi th in-habi ta t  species  r ichness among Akun Is land,  Amak Is land,  and the

Pribilof Islands is negligible compared with the effect of scouring by ice for

the following reasons:

1’. Dispersal o v e r  s t r e t c h e s  o f  o c e a n  i s  l e s s  h a z a r d o u s  f o r  m a r i n e

propagules ( s p o r e s ,  l a r v a e , rafted adults etc.  )  than for terrestrial

ones, therefore , immigrat ion rates  of intertidal species to all of

i s l a n d s  s h o u l d  b e  h i g h  a n d  d i f f e r e n c e s in  immigrat ion rates

i s l a n d s  a t  d i f f e r e n t  d i s t a n c e s  f r o m  t h e  s o u r c e  a r e a  s h o u l d

red uced.

the

to

be

2 . Oceanic currents may influence the direction and rate of transport

of marine propagules so a s  t o  r e d u c e  d i f f e r e n c e s  i n  i m m i g r a t i o n

rates  between source  areas  and near  versus far  is lands. Surface

currents  are  more  l ike ly  to  in f luence the  d ispersa l  o f  propagules
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from intertidal areas than are subsurface currents . Surface

c u r r e n t s  i n  t h e  B e r i n g  S e a  ( F a v o r i t e  et a l .  1976)  probably  bring

marine propagules to t h e Pribilof I s l a n d s  p r i m a r i l y  f r o m  t w o

geographical areas by the way of two routes: the Alaska Peninsula

and the eastern Aleutian Islands via the Transverse Current of the

Ber ing Current  System, and the  shores  of  Br is to l  and Kuskokwim

Bays v ia  the  Pribilof Current  (Favor i te  e t  a l .  1976) . Both routes

p r o v i d e  r e a s o n a b l y  d i r e c t  t r a n s p o r t  o f  propagules to the Pribilof

Islands from the nearest source areas.

The Ber ing Current  System in  the  v ic in i ty  of  Akun and Amak

Is lands f lows eastward,  therefore , the most l ikely source areas of

propagules for  these  two is lands are  the  eastern  Aleut ian  Is lands.

Another  possib le  source  area  would  be  the  shores  of  the  western

Gulf of Alaska. Propagules from these shores could be t ranspor ted

via branches of the Alaskan Stream through the Aleutian Passes and

eventual ly  to  Akun and Amak Is lands. W h e t h e r  propagules arr ive

f rom the  Aleut ian  Is lands or  f rom the  western  Gul f  o f  A laska,  we

would  expect  a  lower  equi l ibr ium number  of  species  on Akun and

Amak Islands than if  dispersal were directly west to these islands

from the  Alaska peninsula  because,  in  the  f i rs t  case ,  the  species

pool on the Aleutian Islands is likely to be smaller than that on the

Peninsula and, in the second case, the effective distance between

source area and the islands i s  g r e a t e r , and, consequently,

immigration rates are lower. As a result,  we would not expect the

equil ibrium number of species on Akun and Amak Islands to differ

as greatly from that of the Pribilof Islands as it would if c u r r e n t s

were ignored and only straight  l ine  d is tances to  nearest  major

source area were considered.
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3 . The amount of rocky intert idal habitat (area of shore) on even the

smal lest  is land that  we consider  is  very  large  compared wi th  the

body size of most intertidal organisms. Extinction rates should be

l o w  a n d  p r o b a b l y  s i m i l a r f o r  a l l  o f  t h e  a b o v e  i s l a n d s . This

argument may not hold if  the probabil ity of extinction of a keystone

s p e c i e s  ( w h i c h  t e n d  t o  b e  l a r g e r  t h a n  m o s t  o t h e r  a n i m a l s  in a

community) was significantly greater on smaller islands since these

species have a profound effect on community composition at the local

level (as has been shown experimentally by Paine [1!366,  1971] and

Addicott [1974] and has been suggested for certain marine systems

b y  M a n n a n d  B r e e n [1972], E s t e s  a n d  Palmisano [1974] a n d

Palmisano  and Estes [1977]) .

The latter two authors studied the effect of predation by sea otters on

populations o f  s e a  u r c h i n s  a n d  t h e  r e s u l t i n g  e f f e c t  o n  t h e  s t r u c t u r e  o f

nearshore communities i n  t h e  A l e u t i a n  I s l a n d s . A l t h o u g h  t h e y  d i d  n o t

examine t h e  q u e s t i o n o f  w h e t h e r  b i o g e o g r a p h y  o r  p r e d a t i o n was more

important in determining the composition of the nearshore community on the

is lands they  s tudied, their results indicate that the effect of predation was

probably  overr id ing. I n a later section, we note the relatively high species

richness in refuges from ice scouring at the Pribilof Is lands. This evidence

supports o u r assumption t h a t  i c e scouring o u t w e i g h s  b i o g e o g r a p h y  i n

determining community composition at the Pribilof Islands.

In  order  to  examine the  e f fect  o f  ice  scour ing on in ter t ida l  communi ty

s t r u c t u r e ,  w e used t w o  c o m m u n i t y  a t t r i b u t e s , 1 ) species r ichness as

approximated by  average species  densi t ies  (number  of  species  in  1 /16  mz

quadrats) and species-area (sample size) curves, and 2) species-importance

curves , to compare intertidal communities at two sites in the Pribilof Is lands
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( O t t e r  I s l a n d  a n d  Z a p a d n i  B a y ,  S t .  G e o r g e  I s l a n d ;  F i g .  1 )

site each at Amak and Akun Islands. Data collected in July

were  used in  the  analyses . The in ter t ida l  reg ion at  each

with those at a

and August 1975

site was divided

into  upper  (between mean h igh water  [MHW]  and mean tide level [M T  L] )  and

l o w e r  ( b e t w e e n  M T L  a n d  m e a n  l o w  w a t e r  [MLW]) in ter t ida l

scheme proposed by Rigg and Miller (1949).

Species in most major taxa of plants and invertebrates

The following taxa are excluded because organisms from them

i d e n t i f i e d  b e l o w  t h e  l e v e l  o f  o r d e r : Porifera, C n i d a r i a ,

zones after the

are considered.

were usually not

Platyhelminthes,

Nemertea ( e x c e p t  E m p l e c t o n e m a  qracilis), Oligochaeta, Copepoda, T a n a i d a c e a ,

I n s e c t s  ( e x c e p t  Anurida maritima), A r a c h n i d a ,  A c a r i n a ,  Sipuncula, Bryozoa

and

1 . 2

one

3 2 ) .

Ascidiacea.

S~ecies Richness

Average numbers of species in the Pribilof Is land samples  ranged f rom

hal f  to  less  than a  quar ter  o f  those a t  Amak and Akun Is lands (Table

We tested the  s igni f icance of  these  resul ts  wi th  a  2 -way analys is  o f

v a r i a n c e  (anova). Since the  ce l l  means were  approximate ly  equal  to  the i r

respective variances, we transformed ( [x + 0.5]%) the counts. Bartlett’s test

revealed that the variances of the transformed counts were homogeneous (p =

0 . 6 2 ) .

The  anova revea led  that  the  t reatment  means

n o t  f r o m  t h e  s a m e  p o p u l a t i o n  ( T a b l e  3 3 ) . T h e

for sites and levels were

interact ion term was not

significant, so orthogonal comparisons were made of means of counts in the

upper  and lower  in ter t ida l  zones combined (Table  34) . The mean of counts

f r o m  t h e  Pribilofs ( S t . George and Otter Islands combined) was significantly

less than (p < 0.001 ) that for Amak and Akun Islands combined. There was

no significant difference in counts between St.  George and Otter Islands, but
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T a b l e  3 2 . Average species  counts  of  p lants  and inver tebrates  in  quadrats

(1/16 m2)  a t  r o c k y  i n t e r t i d a l  a r e a s  i n  t h e  Pribilof I s l a n d s  a n d  a t

Arnak  and Akun I s l a n d s .

Site Upper intertidal area Lower intertidal area

n 2 S.D. n : S.D.

St. George Island (G) 2 0.5 0.7 4 7.2 3.4

Otter Island (0) 3 3.7 1.5 18 6,7 2.6

Amak Island (Am) 2 13.5 7.8 5 13 3.8

Akun Island (Ak) 3 21 2.6 10 32.4 9.4

Table 33. Analysis of variance of species counts of algae and invertebrates at

upper  and lower  rocky in ter t ida l  leve ls  in  the  Pribilof I s l a n d s  a n d

a t  A m a k  a n d  A k u n  I s l a n d s .  * *  = h i g h l y  s i g n i f i c a n t ;  n.s. = not

significant.

Source d.f. Ss MS F

Intertidal level 1 5.20 5.20 15. 33**

Site 3 53.42 17.81 52. 55**

Level X Site 3 0.85 0.28 0.84 n.s.

Error 39 13.21 0.34

d.f. = degrees of freedom,

SS = sum of squares.

MS = mean squares.

F = f-distribution value.
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T a b l e  3 4 . Three  or thogonal compar isons of  species  counts  of  a lgae  and

invertebrates in the rocky intertidal region at the Pribilof is lands

and at Amak and Akun Islands. ** = s ign i f i can t ;  n.s. = not

significant.

Comparison a Difference of means Ss F

G VS. O 0.41 0.79 2.32 n.s.

G O vs. Am Ak 4.39 44.41 131 .08**

Am vs .  Ak 1.80 14.67 43. 28**

a. G = St.  George Island, O = Ottl

Am = Amak Island, Ak = Akun

SS = sums of squares.

F = f-distribution value.

r Is land,

sland.
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counts at Amak were significantly less than those at Akun (~ < 0.001; Table

34) .

Amak Island is shown south of the southernmost limit of pack ice on the

charts of Wise and Searby (1977) , but data from the Navy Fleet Weather

Facilit)  indicate that sea ice may have affected the intertidal area there in

late winter  1974 (Table 31) . Nevertheless, because of  the infrequent

occurrence of sea ice at and the disparity in sizes of Amak and Akun Islands,

reduced species richness in the intertidal region at Amak may reflect a lower

equilibrium n u m b e r  o f  s p e c i e s (assuming t h a t  c o m m u n i t i e s  t h e r e  a r e  a t

equil ibrium) resulting from a higher rate of extinction of colonists.

1 .3  Species-area  Curves

W e  c h o s e  Mollusca t o  c o m p a r e species-area and species-importance

relations (see below) in the intertidal region at Amak, Akun, and the Pribilof

islands because it  is a diverse group of invertebrates with representatives at

a l l  in ter t ida l

taxonomically.

Rhodophyta,

evels, and the Bering Sea fauna is comparatively well k n o w n

O t h e r  d i v e r s e  g r o u p s  o f  i n t e r t i d a l  o r g a n i s m s  s u c h  a s

Polychaeta, and Gamma r idea are  more s u s c e p t i b l e  t o  t h e

physiological stresses of the upper intertidal environment, and therefore have

few representatives at upper levels. The Bering Sea representatives of these

groups are poorly known taxonomically.

Eight quadrats were randomly selected from sampled quadrats which fel l

in the range MLW to just above MHW at each site. The sample size for each

site was l imited by the total number of samples (eight) collected in this range

at  Amak Is land. Sample  s ize  appeared to  be  adequate  for  a l l  s i tes  except

Akun Is land (F ig .  8 3 ) . The cumulat ive  species c o u n t  f o r  A k u n  I s l a n d

cont inued to  c l imb as

samples  (seven)  were

sample size was increased to eight, but when more

randomly added the species counts eventually leveled
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off at 31 s p e c i e s .  T h e r e f o r e , it  appears that even at the most diverse island

the sample size included 87% of the species of mollusks in the intertidal zone.

The results of the between-island comparisons of mollusk species-area

curves paralleled those of the species counts of most major taxa (Fig. 83).

The  curves  for  the  Pribilof Islands leveled off at t h e  l o w e s t  s p e c i e s  c o u n t s

( f o u r t o  s e v e n )  a n d  t h a t  f o r  A k u n  i s l a n d  i n c r e a s e d  t h r o u g h  t h e  h i g h e s t

count (27) probably leveling off at over 30 species. T h e  curve f o r  A m a k

reflected an intermediate species richness.

A Smirnov test of the empirical distribution functions of the species area

c u r v e s  r e v e a l e d  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  S t . G e o r g e  a n d  O t t e r

Islands (Table 35). The species-area curve for Otter Island was significantly

different in form (p < 0.001) than that for  Amak Is land. Amak Is land,  in

t u r n , w a s  s i g n i f i c a n t l y  l o w e r  (~ <  0 .05)  in  mol lusk species  r ichness than

Akun Island (Table 35).

1.4  Species- importance Curves

W e  u s e d  d o m i n a n c e - d i v e r s i t y  c u r v e s  ( W h i t t a k e r  1 9 6 5 ,  1 9 7 0 ,  1 9 7 2 )  t o

examine the  d is t r ibut ion of  importance among species . T h e s e  c u r v e s  a r e

constructed by plotting the importance of a species on the ordinate opposite

i ts  respect ive  rank , in terms of the measure of importance selected, on the

abscissa. Species are ranked from most to least important on the abscissa.

Various authors have used different measures of species importance such as

abundance, biomass, coverage,  and product iv i ty . Whittaker (1965) has found

t h a t  i n  t e r r e s t r i a l  p l a n t  c o m m u n i t i e s a t  l e a s t  t h r e e  o f  t h e s e  m e a s u r e s

(coverage,  b iomass, a n d  p r o d u c t i o n )  p r o d u c e  d o m i n a n c e - d i v e r s i t y  c u r v e s

which differ in steepness but not form. Batzli (1969) has claimed that in the

rocky in ter t ida l  reg ion biomass is a better measure of “dominance than the
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Table  35 .  Smirnov tes ts of differences in species-area curves for mollusks in

the intertidal region at St .  George,  Ot ter ,  Amak,  and Akun Is lands.

n.s. = not significant.

Contrast T e s t  s t a t i s t i c  T 2 Significance

St .  George Is .  vs .  Ot ter  Is . 5 / 8 n.s.

Ot ter  Is .  vs .  Amak Is . 7 / 8 p < 0 . 0 0 1

Akun Is .  vs .  Amak Is . 6 / 8 p < 0 . 0 5

a . one-sided K - sample Smirnov test.

b . K = 4 , N = 8 .
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number of individuals. We use biomass (wet  weight)  as a measure of

importance here.

Three theoret ical  distr ibut ions of importance among species occur

frequently in the literature; May (1975) relates them. The most uniform is

the broken stick distribution and the least uniform is the geometric series.

The log-normal  d is t r ibut ion falls between these two. Two of the distributions

- - t h e  b r o k e n  s t i c k  a n d  t h e  g e o m e t r i c  s e r i e s - - r e f l e c t ,  i n  t h e o r y ,  b i o l o g i c a l

mechanisms (types of competit ion) which are structuring the community. T h e

log-normal distribution arises when species-importance relations are controlled

by the “interplay of many independent factors” (May 1975).

Pielou  (1975)  argues that  when the  to ta l  number  of  spec ies  present  is

being estimated by the data and the community is small, as is the case in the

p r e s e n t  s t u d y , one cannot  test  the  f i t  o f  the  observed to  the  theoret ica l

distribution statistically. However, we can test  the  d i f ference  between the

empir ica l  d is t r ibut ions wi th  tests  of  the  Smirnov t y p e

1971).

Visual comparison of the species-importance curves

the Pribilof  Islands shows that

species at Akun Island (Fig.

uniform (i.e. toward a greater

species) as one considers, in

(Fig. 84).

We tested only the curve

biomass was most evenly

84) . The d is t r ibut ions

concentration of biomass

(Pielou 1975 ,  Conover

for  Amak,  Akun,  and

distributed among the

become less and less

among a few dominant

t u r n , A m a k ,  O t t e r ,  a n d  S t .  G e o r g e  I s l a n d s .

for  St .  George Is land against  that  for  Akun

Island with the Smirnov  test because tests of this type which can detect all

types of differences that may exist between empirical distribution functions

are not available for situations involving more than two samples when sample

s i z e s  a r e  u n e q u a l  ( C o n o v e r  1 9 7 1 ) . S i n c e  ~ ( t h e  n u m b e r  o f  p o i n t s  w h i c h
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d e t e r m i n e  t h e  c u r v e )  f o r  t h e  s p e c i e s - a b u n d a n c e  curve !s t h e  n u m b e r  o f

species in the collection and not the number of samples collected, one has no

control over its size. Values of ~ were unequal among the four sites.

T h e  Smirnov test  o f  the  empir ica l  d is t r ibut ion funct ions of  St .  George

Is land vs . Akun Island w a s  n o t  s i g n i f i c a n t  (Tl =  0 . 3 2 6 ,  INl = 5, N2 =  2 7 ) .

Presumably  th is  holds  for  compar isons between is lands wi th  less  d ivergent

species-biomass distributions, e.g. b e t w e e n  O t t e r  I s l a n d  and Akun Is land or

b e t w e e n  S t . ,George I s l a n d  a n d  A m a k  I s l a n d . T h i s  r e s u l t  i s  s u r p r i s i n g

because the  curves  appear  markedly  d i f ferent  when compared visually (Fig.

8 4 ) . The test is conservative when the random variables are discrete, and

use of the asymptotic approximation for large samp!e  s izes  fur ther  increases

the conservatism. T h e  Smirnov test may not be p o w e r f u l  enough to test the

difference between species-importance curves when species-poor communities

a r e  i n v o l v e d . The marked difference in form in the species-importance

c u r v e s  f o r  t h e  Pribilof I s l a n d s  v e r s u s  t h o s e  f o r  A m a k  a n d  A k u n  I s l a n d s

suggests that there are real differences in the distribution of biomass among

s p e c i e s  b e t w e e n  t h e s e  t w o  g r o u p s  o f  i s l a n d s , d e s p i t e  o u r  i n a b i l i t y  t o

demonstrate this difference with the appropriate statistical test.
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2. Effects on Community Dominants and Succession

Annual  ice  scour ing of  the  in ter t ida l reg ion is  a  f requent  and severe

dis turbance which repeatedly  denudes the  rocky substra tum and would  be

expected  to  prevent  benthic c o m m u n i t i e s f rom developing beyond the  ear ly

s t a g e s  o f succession. U n d e r  s u c h  c o n d i t i o n s  o n e w o u l d  e x p e c t these

communities to be composed of species which can colonize bare areas rapidly,

i. e., fugit ive species (Hutch inson  1951 ) or those which have a refuge during

scouring episodes. Conversely, species which normally colonize during later

stages of succession or those which have no refuge, such as sessile species ,

should  be  absent  or  low in  abundance where  the  f requency of  scour ing is

high.

The earl iest colonizers of denuded surfaces are usually ephemeral algae

such as diatoms, t h e  filamentous g r e e n algae, Spongomorpha spp. ,  foliose

g r e e n  (Ulvoid) a n d  r e d  (Porphyra) a l g a e ,  e t c . These species have good

powers  of  d ispersa l  but  suf fer  in  compet i t ion with other algae for space or

l ight  (Dayton 1975) , or  are  preferent ia l ly  grazed by  herb ivores  (Lubchenco

and Menge 1978), a n d  t h e r e f o r e  u s u a l l y  p e r s i s t  f o r  n o  m o r e  t h a n  a  f e w

months.

Other  fugi t ive  a lgae (e .g .  ,  Halosaccion qlandiforme) usually appear after

the  ephemera l  species ,  and are ,  in  turn , generally followed by a sequence of

species with lower powers of dispersal and slower growth rates. Among this

last  group are  species  l ike  Alaria, Fucus, Hedophyllum, and Laminaria, w h i c h

grow to  a  large  s ize , form a canopy over other members of the community,

and a p p a r e n t l y  d o m i n a t e  o t h e r  a l g a e  i n c o m p e t i t i o n  f o r  l i g h t  a n d  s p a c e

( D a y t o n  1 9 7 5 ) . T h e s e  s p e c i e s  u s u a l l y  d o m i n a t e  c o m m u n i t i e s  w h e r e  t h e

frequency of disturbance is low.
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O u r results s h o w  t h a t  e p h e m e r a l a l g a e  ( s p e c i e s  w e r e  d e s i g n a t e d

ephemeral after Appendix 1 of Lubchenco and Menge [1978]) rarely dominated

intertidal plots at St. George and Otter Islands and never did so at Amak and

Akun I s l a n d s  ( T a b l e  3 6 ) . The number  of  species  of  ephemera l  a lgae  was

about the same at sites on Otter,  Amak, and Akun Islands,  but m a r k e d l y

l o w e r  ( o n l y  Porphyra sp.  was present )  a t  the  St .  George Is land s i te  (Table

3 7 ) . T h e  filamentous green a lgae  Spongomorpha s p i n e s c e n s  a n d  t h e  ulvoids

Monostroma sp.  ,  _ .M fuscum, and Ulva lactuca were  absent  f rom plots  co l lected

at the Pribilof Is land s i tes ,  but  present  a t  Amak or  Akun Is lands (Table  37) .

Conversely, only S p o n g o m o r p h a  s p .  a n d  ~.arc ta  were  present  a t  a  Pribilof

i s l a n d  s i t e  ( O t t e r  I s l a n d )  b u t  a b s e n t  a t  t h e  A m a k  a n d  A k u n  I s l a n d  s i t e s .

The organisms w h i c h  m o s t  f r e q u e n t l y  d o m i n a t e d  ( h a d  t h e  g r e a t e s t

biomass in) plots at the Pribilof Island sites were Halosaccion glandiforme a n d

Iialosaccion s p . (We do not have conclusive evidence that these species are

t r u l y  e c o l o g i c a l l y  d o m i n a n t  o v e r  e p h e m e r a l  a l g a e  i n  t h e  s e n s e  t h a t  t h e y

p r e e m p t  t h e  g r e a t e s t  s h a r e  o f  a  l i m i t i n g  r e s o u r c e . I t  s e e m s  l i k e l y  t h a t ,

because they are larger than most ephemeral algae, Halosaccion spp. would be

more successful in occupying space or intercepting l ight,  two resources which

are m o s t  l i k e l y t o  b e  l i m i t i n g  i n  i n t e r t i d a l  s y s t e m s . H o w e v e r ,  o t h e r

mechanisms such as selective herbivory may cause the apparent dominance of

Halosaccion i n  t h i s  s y s t e m ) .  ~. gland iforme dominated

inter t ida l  p lots  a t  St. George is land,  a l l  o f  the  upper

Halosaccion sp. , most  (66%)  of  the  lower  p lots  a t  Ot ter

h a l f  o f  t h e  l o w e r

and, together  wi th

Is land (Table  36) .

Ne i ther  species d o m i n a t e d  a n y  p l o t  a t  A m a k  o r  A k u n  I s l a n d s ,  b u t  ~.

gland iforme was present in 30-50% of al l  plots at both sites (except those in

the upper intertidal zone at Akun Island) (Table 36, Fig. 85).
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H. gland iforme is an annual. At Amchitka Island, Alaska (midway along—

the Aleutian Island chain) the spores of this species settle at all times of year

e x c e p t  w i n t e r  a n d  t h e  thalli g r o w r a p i d l y  (Lebednik and Palmisano  1 9 7 7 ) .

D a y t o n  ( 1 9 7 5 )  c l a s s i f i e s  i t  as  a  fugitive species  on  the  outer c o a s t  o f

Washington although apparently it  can settle and grow in the understory of a

“c\jma~’l c o m m u n i t y  (Lebednik a n d  Palmisano  o p .  c i t . ) .  ~. gland iforme can

pers is t  on the  same s i te  for  severa l  years  (Lebednik  and Palmisano  op. cit. ),

there fore , its presence in the community does not necessarily indicate that

the  communi ty  is  a t  an  ear ly  s tage of  succession. However, i t  is  unl ike ly

t h a t  H . gland iforme could persistently dominate the community to the apparent—

exclusion of the canopy species (Table 36) unless some mechanism prevented

t h e  c a n o p y  s p e c i e s  f r o m  s e t t l i n g  a m o n g  a n d  g r o w i n g  o v e r  s t a n d s  o f  ~.

alandiforme.

Three species of canopy-forming algae, Fucus  distichus, Alaria s p .  ,  a n d

A .  taeniata, were present in plots in the Pribilof Islands (Table 38).  N o n e  o f—

these species dominated plots at St.  George Island, although Fucus and Alaria

Sp. were present in the lower intertidal zone. At  Ot ter  Is land,  Alaria sp. or

~. taeniata  dominated some lower intertidal plots, but were highly variable in

biomass (Tables 36 and 38).

The number of species, frequency of dominance, and average wet weight

of  canopy species  tended to  increase f rom the  Pribilof Is lands to  Amak and

Akun Is lands. At  Amak Is land, ~. distichus a n d  Alaria s p .  d o m i n a t e d  (in

biomass) plots in the  upper  in ter t ida l  zone (Table  36) . These two species

_. taeniata dominated plots in the lower intertidal zone. Three additionaland A

canopy species, Hedophyllum sessile, Laminaria s p .  , and L. Iongipes,—

occurred in but never dominated

3 8 ) . Fucus, Odonthalia floccosa,

lower intertidal plots at Akun Island (Table

a n d  t h e  b a r n a c l e  Balanus cariosus had the
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Table 36. Dominant ( i n  b i o m a s s )  s p e c i e s ,  f r e q u e n c y  o f  d o m i n a n c e  ( D )
expressed as the percentage of quadrats in which each species had
the  greatest  wet  weight ,  and f requency of  occurrence (F )  o f  each
species in upper ( u p p e r n u m b e r )  a n d l o w e r  ( l o w e r  n u m b e r )
i n t e r t i d a l  z o n e s  a t  Amak, A k u n , a n d  t h e  Pribilof I s l a n d s . All
s p e c i e s  showing the  greatest  wet  weight  in  at least one quadrat/
level/site combination are included. Dash means species was never
dominant  (D  column)  or  was absent  (F  co lumn)  a t  the  par t icu lar
level and site.

Speciesa St .  George O t t e r Amak Akun
Island Island Island Island

D F D F D F D F

Spongomorpha sp.

Porphyra sp.
25

Halosaccion g l a n d  iforme -
50

Halosaccion sp.

Alaria  taeniata

Alaria sp.

Odonthaiia floccosa

Fucus distichus

Littorina sitkana
25

Littorina sp. 5 ob

Balanus  cariosus

.75

1 . 0

.25

.75

.5
1 . 0

. 5

6 .06

.06

100 1.0
22 .78

.33
44 .83

6 .06

28 .44

- 1.0
.83

17

50
17

50
67

.5

.17

. 5

.33

.17

. 5

. 5

.5

.1

1 . 0
1 . 0

.5

.33

.33

33

33
10

33
30

60

.4

.2

.33

.1

1 . 0
. 8

1 . 0
.9

.67

. 7

.67

.9

a. Algae are l isted roughly in order of increasing persistence in undisturbed
environments.

b . Only two plots were sampled in the upper intertidal zone at St.  George
Island; one was bare.
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Table 37. E p h e m e r a l  speciesa  a n d  m e a n  w e t  w e i g h t  ( g )  i n  u P P e r  ( u P P e r

number) and lower ( lower number) intertidal zones at Amak, Akun,

and the  Pribilof I s l a n d s . Dash means species was absent from the

particular level and site.  SD = standard deviation.

Species St. George Ot ter Amak Akun
Island Island t jsland Island

; SD x SD X SD : SD

Sponqomorpha sp.

S .  arcta——

S .  spinescens— ‘“~:

Monostroma  sp.

M .  fuscum—

Ulva Iactuca

.003

1 . 3

.01

.3

.01

3.7

1 . 0
.008

1 . 4
.02

1 . 3  4 . 0

3.1 7.8.01 .03

.2 .6

Pylaiella littoralis

Scytosiphon Iomentaria

Porphyra sp.

.4 .8.05

.9 . 6 1 . 4

18.2 26.2 - -
9.1 15.8 .009 .04 15.2 37.2 - -

a. Species of algae were designated ephemeral from Appendix 1 of Lubchenco
and Menge (1978).
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Table 38. Canopy species and mean wet weight (~) in upper (upper number)

and lower (lower number) intertidal zones at #lmak, Akun, and the

Pribilof Islands. Dash (--) means species was absent from the

particular level and site.

Speciesa St. George Ot ter Amak Akun
Island -island Jsland Jsland

< SD x SD x SD x SD

Fucus distichus—.

Alaria taeniata

Alaria s p .

I-iedophyllum sessile

Laminaria Iongipes

Laminaria sp.

-- --

0.08 0.10

.- --
-- --

44.8
108.6

5 7 . 4
113.6

36.2.5 409.8
165.5 158.6

-- --
-- --

-- -.

7.3 31.0
--

44.7
--

10!3.5

-- -.

22.5 52.7

121.6
53.3

172.0
130.1

4 5 . 8 7 9 . 4
2.5 8.0

-- --

3.6 7.2

-- --

87.4 272.4

-- --
-- --

-- --
-- --

--
--

--
--

-- -.

16.1 42,2

-- --
-- ---

-- --
-- --

-- -- -- -.
-- -- 7 . 4 16.4

-- --
-- --

-- --
-- --

-- -- .- --
-- -- 0.09 0.3

a. Species were designated as canopy species (Dayton 1975, Menge 1976).
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greatest wet weight in lower intertidal plots. Fucus, Odonthalia, a n d  Alaria

sp. dominated upper plots there.
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3. Competition, Herbivory ,  and Communi ty  Development  a f ter  Ice-scour ing

Each episode of ice-scouring sets back the process of succession to an

early stage by creating bare rock which ephemeral species can colonize. Our

data show that at 4 months after the last scouring episode, Sponqomorpha sp.

and S. arcta were the only ephemeral algae with greater biomass on scoured——

t h a n  o n  unscoured is lands (Table  37)  and that  Fialosaccion  s p p .  d o m i n a t e d

most plots on scoured islands.

Two mechanisms acting alone or in concert may have allowed I-lalosaccion

Spp. to dominate  p lots  on scoured shores . T h e  f i r s t  i s  t h a t  Halosaccion

settles concurrently with or after the early-colonizing ephemeral species and

simply  outcompetes  them for  space or  l ight . The second involves selective

herbivory by snails on ephemera l  a lgae;  by  preferent ia l ly  graz ing ephemera l

species t h e  s n a i l s  a l l o w  Halosaccion t o  s e t t l e  a n d  g r o w  i n  t h e  a b s e n c e  o f

compet i t ion  by  the  ephemera l  species . Lubchenco a n d  Menge ( 1 9 7 8 )  h a v e

shown that  graz ing by  Littorina Iittorea o n  e p h e m e r a l  a l g a e  a c c e l e r a t e s  t h e

development  of  Chondrus crispus (Ir ish moss) beds in New England.

Unambiguous e v a l u a t i o n  o f  t h e  r e l a t i v e  i m p o r t a n c e  o f  e a c h  o f  t h e s e

mechanisms requires  exper imenta l  manipulat ion of  herb ivore  and Halosaccion

populations, but examination of the relationship of the abundance of ephemeral

algae and 14alosaccion  on scoured and unscoured sur faces  to  re la t ive  in tensi ty

of herbivory m a y  s h e d  l i g h t  o n  t h e  m e c h a n i s m  r e s u l t i n g  i n  d o m i n a n c e  o f

Halosaccion at St. George and Otter Islands. We assume that the intensity of

herbivory increases proportionately with herbivore biomass.

The most abundant intertidal grazer in plots in the intertidal zone at our

Pribilof I s l a n d  s i t e s  w a s  Littorina s i t k a n a  ( F i g .  8 6 ) . Three other molluscan

herbivores , Haloconcha r e f l e x a ,  Marqarites helicinus, a n d  Schizoplax brandtii

were  present  in  lower  in ter t ida l  p lots  a t  Ot ter  Is land,  but  ind iv iduals  were

srlla!ler a n d  l e s s  a b u n d a n t  t h a n  t h o s e  o f  Littorina. One Kathar ina  tun icata
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was found in a lower intertidal

aleutica were common in plots at

L i t t le  is  known about  the

p l o t  a t  S t .  G e o r g e  I s l a n d .  ~. sitkana and ~.

Amak and Akun Islands (Fig. 86).

f o o d  h a b i t s  o f  Littorina sitkana; n o t h i n g  i s

k n o w n  o f  t h o s e  o f  ~. aleutica. C a g e d  ~. sitkana wi l l  graze  d ia toms and

probably  a lso  the  sporelings of UIva and Enteromorpha (Behrens 1971) .  Other

species of Littorina eat mainly diatoms (but see Berry 1961 and Hayes 1929)

and smal l , t e n d e r  a l g a e  ( T a b l e  3 9 )  m o s t  o f  w h i c h  a r e  e p h e m e r a l  ( e . g .  ,

Lubchenco 1 9 7 8 ) . However, ~. scutulata a n d  ~. Iittorea wi l l  feed on large

p l a n t s  (Dahl 1964, Bakker 1959, Hayes 1929, Lubchenco 1978) .

Other grazers which could reduce the abundance of ephemeral algae are

limpets. F o u r  s p e c i e s  o f  l i m p e t s ,  Collisella sp. , ~. pelts,  Notoacmea  scutum,

and  N“ @Z2$2Q2~ occurred a t  our  in ter t ida l  s tudy s i tes  (MHW to  MLW) on

Amak and Akun Is lands. Limpets were absent from the intertidal plots at St.

George and Otter Islands, but ~. pelta occurred in 70% (~ = 34) of the plots

below MLW at St. George Island.

Notoacmea  scutum, ~. p e l t a ,  a n d  o t h e r  e a s t e r n  P a c i f i c  l i m p e t s  o f  t h e

g e n u s  Collisella a r e known to graze diatoms, blue green algae,  and other

microscopic algae

probably include

Littorina. Craig

(Castenholz 1961 ,  Haven 1973 ,  Nicotri 1977), but their diets

a greater proportion of macroscopic algae than does that of

(1968)  found that  Acmaea  pelta (= Collisella pe l ts )  ingests  a

wide variety of microscopic and macroscopic algae including small fragments of

l a r g e  p l a n t s  s u c h  a s  Pelvetia and Egregia. Walker (1968) concluded from a

study of  the  conf igurat ion  of  the  gut  o f  Acmaea scutum (= Notoacmea  scutum)

that it probably

encrusting algae

persona.

feeds main ly  on larger  a lgae;

in  i ts  gut . We could find no

she found f ragments  of  f la t

information on the diet of ~.
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Table 39. Food of Littorina a

North Pacific Species North Atlantic Species

Food Littorina Littorina Food Littorina Littorina

scutulata planaxis Iittorea saxatilis

Bacillariophyceae Elacillariophyceae

Diatoms 2 ,5 ,7 5,7 D i a t o m s

Cyanophyceae chlorophyceae

algae
Dermocarpa
Spirulina
Calothrix
Plectonema

Unicellular blue green

Chloroph yceae

Prasiola
Ulva
Sponqomorpha
Cladophora

Phaeophyceae

Laminaria
Pelvetia

Rhodophyceae

Porphyra

5 , 7 5 , 7

5 5
5 5
5 5
5 5

4
5
4

4
4

4
5

5

5
4

4 e

5
4 e

4 e , 5

Ulothrix-Urospora
Monostroma
Enteromorpha
Ulva
Spongomorpha
Cladophora
Pseudoendoclonium

3 , 8b

9 C

8,9
3,9
3,9
9
8,9

1

Phaeophyceae

8,9
9
6,8 ,9
6,8 ,9
6
9
!3

Rhodophyceae

Porphyra
Rhodymenia
Ceramium
!+alosaccion

9
8,9
9
9



Table 39. Continued.

a. Numbers in body of table refer to the following papers: 1 ,  Berry  (1961) ;  2 ,  Castenholz ( 1 9 6 1 ) ;
3 ,  Newel l  (1958) ;  4 ,  Dahl  (1964) ;  5 ,  Foster  (1964 . ) ;  6 ,  E3akker  (1959);  7,  Glynn (1965) ;  8 ,  Hayes  (1929) ;
9, Lubchenco ( 1 9 7 8 ) . Severa l  addi t ional  reference$  on the food habits of Littorina were unavailable to
me at the time of this writing (see Pettitt 1974) .

b . Diatoms in gut did not appear to be digested.
c. All  genera from Lubchenco’s l ist of highly preferred food are included here. Not all genera of medium

and low preference ranking are included. See Table 1 of Lubchenco (1978) for complete list.
d . Small plants eaten.
e . Finely chopped but not whole plants eaten.

w
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At the t ime of this study the intensity of herbivory on e p h e m e r a l  a l g a e

was apparent ly  no  greater  a t  Ot ter  and St . George Islands than at Amak and

Akun Is lands. A one-way anova (upper and lower intertidal zones combined)

revea led  that  the  b iomass of  Littorina s p p . was s igni f icant ly  greater  at the

St.  George and Otter Island sites combined than at the Akun and Amak sites

combined;  g p o s t e r i o r i  c o m p a r i s o n s  (Scheff6’s [1953] test)  of  Otter and St.

G e o r g e  I s l a n d s  w i t h  A m a k  a n d  A k u n  I s l a n d s  s e p a r a t e l y  r e v e a l e d  t h a t  t h e

lower biomass of Littorina spp. at the Amak site accounted for the difference

(Table  40) . There was no significant difference between the average biomass

of Littorina at St.  George and Otter Island and that at Akun Island.

The absence of  l impets  on our  p lots  a t  the  Pribilof I s l a n d s  s u g g e s t e d

that  there  were  fewer  species  of  known consumers  of  ephemera l  a lgae  on

scoured surfaces there . Haloconcha r e f l e x a , M a r g a r i t a s  helicinus, a n d

Schizoplax brandtii m a y  i n g e s t  y o u n g  sporophytes a n d  gametOphytes o f

e p h e m e r a l  a l g a e  w h i l e  g r a z i n g , b u t  b e c a u s e  t h e y  w e r e  s m a l l e r  a n d  l e s s

numerous than L .  s i tkana on St . George and Ot ter  is lands,  they  probably—

cannot control populations of ephemeral algae there.

Similar biomass levels of Littorina at the Pribilof Islands and Akun Island

may be misleading. Greater species richness and weight of large macrophytes

at Akun

probably  a

biomass of

s l a n d  ( T a b l e  3 8 )  r e s u l t s  i n  g r e a t e r  s p a t i a l  h e t e r o g e n e i t y  a n d

s o  g r e a t e r  e f f e c t i v e  g r a z i n g  a r e a  f o r  Littorina. T h e r e f o r e ,  t h e

Littorina per  uni t  e f fect ive  graz ing area  may be  much greater  on

f requent ly  scoured rock  a t  the  Pribilof Is lands. We have no measure of the

effective grazing area contributed by macrophytes at Akun Island.

F ina l ly ,  the  data  may re f lect

in tensi ty  of  herb ivory  is  reduced,

set t l ing and growing most  rapid ly

the results of herbivory at a t ime when the

after the period when colonizing algae are

and consumers are exerting their greatest
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Table 40. Tests  o f  s i g n i f i c a n c e  of Littorina wet weights (~. sitkana  and ~.

aleutica  c o m b i n e d )  in the rocky  in te r t ida l  reg ion a t  the  Pribilof

Islands compared with Amak and Akun Islands. ** = test significant.

Anova

Source d.f. S.s. M.S. F

site 3 143.8 47.9 5. 36**

Error 44 393.5 8 . 9

Tota I 47 537.4

Treatment n Mean of trans: 95% Confidence interval
formed counts Lower  limit Upper limit

,-
=T G e o r g e  I s l a n d  ( G )  6-.. 5 .27 2.81 7.73

Ot ter  Is land (0 ) 21 6 . 2 4 4 .93 7.56

Amak Island (Am) 8 1.31 - 0 . 8 2 3 .44

Akun Is land (Ak) 13 5 .43 3 . 7 5 7.1

Comparison s K no F Significance

G-O vs Am-Ak 6.14 Q < o . 0 5b

G-O vs Am 8.94 4 44 -- p < 0 . 0 5C

G - O  VS A k 8.94 4 44 --
c

n.s.

a. Weights were scaled (x 1000) prior to transformation ( log [x + 1]) to
avoid negative characteristics.

b. ~ priori orthogonal comparison.
c . A posterior comparison with Scheff~’s test. S, K, and no are statistics

;f Scheff6’s t e s t . S 2 = the experimentwise error,  K = number of cell
means, no = degrees of freedom of the error term of the anova.
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effect. An eva luat ion of the role of herbivores ‘ in community development on

,.
m a n i p u l a t i o n .  ‘ .

rock surfaces scoured by “ice awaits fu’rth’er stu”dy.  The populations of. plants

and herbivores i n  this: systeti a r e  ,  p r o b a b l y  am<na~le .~o
,’..

.,...”” :,
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4.

(or

Populations of Sessile Invertebrates

We would expect sessile invertebrates to

weight) where the frequency of scouring

retreat under or into crevices in rocks during

recolonize scoured rock only by settlement of

be absent or

is high; such

low in abundance

organisms cannot

scouring episodes and most can

planktonic larvae .  Where  these

species have colonized scoured surfaces, they should be represented solely by

young individuals which have settled since the last scouring event.

Our data tend to support the above supposit ions. Four species, Mytilus

edulis, Chthamalus dalli, Balanus glandula, _.and B cariosus,  were  chosen for

s tudy because

usually o c c u p y

i n v e r t e b r a t e s .

i n t e r t i d a l  z o n e

were CO I Iected

t h e y  a r e  w i d e s p r e a d  i n  A l a s k a  a n d

greater proportions of rocky intertidal

None of  these  spec ies  was present

i n  t h e  Pribilof I s l a n d s  ( F i g .  8 7 ) .

i n  t h r e e  o f  f o u r  a n d  t w o  o f  s e v e n

where  they  occur  they

space than other sessile

i n  p l o t s  i n  t h e  u p p e r

( H o w e v e r ,  s m a l l  Mytilus

plots  above MHW [and

therefore above the upper t idal level considered in the present report]  at St.

George a n d  O t t e r  I s l a n d s , respectively, ) m ‘ a s  present in lower

intertidal plots at both St.  George and Otter Islands, but was r e p r e s e n t e d

only  by smal l  indiv iduals  (<15 mm in  length)  which were  h ighly  var iable  in

biomass among plots (Fig. 87).

Balanus glandula was represented by a  s ingle  indiv idual  in  one p lot  in

the lower intertidal zone at Otter Island. ~. cariosus was absent  f rom plots

in  both  in ter t ida l  zones in  the  Pribilof I s l a n d s , but  was present  in  two of

27 plots below mean l o w  w a t e r  (MLW) a t  S t .  G e o r g e  I s l a n d . Unidentif ied

barnacles  (Balanus sp. ) were collected in three of the 27 plots.

Barnacles tended to be more abundant at Amak and Akun Islands than at

O t t e r  a n d

upper znd

S t .  G e o r g e  I s l a n d s  ( F i g .

lower intertidal zones at Akun and Amak Islands

was absent from

respect ive ly ,  but
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w a s  p r e s e n t  above ( in  two of  two p lots )  and

respective upper and lower limits of this study

M. edulis a p p e a r s t o  b e  a n  e x c e p t i o n—

below (in one of 11 plots) the

at these two sites.

t o  t h e  t r e n d  t o w a r d  g r e a t e r

abundance among m a j o r  sessile a n i m a l s  w i t h  d e c r e a s i n g  f r e q u e n c y  o f  i c e

scouring. A l t h o u g h  t h r e e  l a r g e  (~20 mm) Mytilus were  present  in  one p lot

located below MLW at Akun Island, only a few (eight) small individuals were

found in  one p lot  (o f  f ive)  in  the  upper  in ter t ida l  zone there .  ~. edulis w a s

absent from all  plots sampled at Amak Island. Based on the data at hand we

a r e  u n a b l e  t o  a c c o u n t  f o r  t h e  a p p a r e n t l y  s m a l l  p o p u l a t i o n s  o f  ~. edulis at

Amak and Akun Islands.
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5. Refuges from Ice Scouring

Our  quant i ta t ive  sampl ing

The e f fects  of  scour ing by  ice

emphasized upper rock surfaces at al l  sites.

are most pronounced on these surfaces (Fig.

88). As shown above, the species richness of marine organisms on these

sur faces is  low. However, our  observat ions and photographs of  the  biota

between and beneath  c lose ly  packed boulders  and in  rock  crev ices  indicate

that species richness in these places is more comparable to that of unscoured

s u r f a c e s  a t  A m a k  a n d  A k u n  I s l a n d s  ( T .  R .  Merrell, J r .  ,  1 9 7 9 ,  pers.

commun. , Manager ,  Environmenta l  Program, Northwest  and Alaska  F isher ies

C e n t e r  A u k e  B a y  L a b o r a t o r y ,  A u k e  B a y ,  A l a s k a  9 9 8 2 1 ) . Such protected

places  apparent ly  are  refugia f rom scour ing for  those species  whose growth

form and light requirements permit them to occupy such microhabitats.

We also noted one area of shore near our transect site at Garden Cove,

St .  George Is land (F ig .  8!3), w h e r e

r e e f s  p r o t e c t e d  m u c h  o f  t h e  r o c k

(R. M. )  made counts of organisms

deep fissures in the bedrock and offshore

sur face  f rom ice  scour ing. One of  us

t h e r e ;  t h e  biota i n c l u d e d  l a r g e  Collisella

pel ts , urchins, and several species of sessile o rgan isms including ~.

cariosus, t Wo s p o n g e s ,  hydroids, bryozoans, tubeworms, tunicates a n d

coral line algae.

Subtidal observations

generally reached 3-4 m in

a l g a e  o c c u p i e d  t h e  u p p e r

by d i v e r s  i n d i c a t e d

depth . Above this

sur faces  of rock.

that  the  e f fect  o f  ice -scour

lower l imit only newly-settled

L a r g e r  p l a n t s ,  p r e s u m a b l y

surv ivors  of

these plants

4 m, large

one or more winters, were

were  sharp ly  cropped at

perennial plants such

found only in crevices. The fronds of

the level of the rock surface. Below

as Laminaria and Thalassiophyllum

flour ished. Several -vear-old Constantinea ~lants w e r e  o b s e r v e d  a t  5  m .
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Fig.  88 . Intertidal region at English Bay, St. Paul Island.
Note lack of biological cover on tops of boulders.
10 June 1976.
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Fig. 89. Garden Cove site showing the deep fissures in and
crevices between rocks. These cracks serve as
refuges for intertidal organisms.
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Below  t h e  d e p t h  o f

exceptionally rich in

I n  t h e  Pribilof

i n f l u e n c e  b y  s e a  i c e , the  subl i t tora l  reg ion appeared

species when compared with the intertidal region.

slands, greater species richness among invertebrates and

algae in refugia in the intertidal region and below the lower l imit of s c o u r i n g

by sea ice in the  subl i t tora l  reg ion suggests  that  the  re la t ive  e f fect  of island

~i~e a n d

s c o u r i n g

s p e c i e s  r

role o f  is

distance from the nearest source area as compared with that of

by ice is probably  smal l . W e  d o  n o t  h a v e  q u a n t i t a t i v e  d a t a  on

c h n e s s  i n  t h e  refugia; s u c h  data would be helpful for assessing the

and biogeographic effects among our study sites.
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Vlll. D I S C U S S I O N  ,

S c o u r i n g  by sea ice is probably the most  ikportant d i s t u r b a n c e  a f f e c t i n g

intertidal community structure at the Pribilof  Islands. Our re%ults  indicate

that species diversity is low where the frequency of scouring is ,high  and that

the relationship is probably causative. However, !-luston (1979) contends that
\

the frequency of disturbance alone cannot adequately p r e d i c t species

d i v e r s i t y , and that  d ivers i ty  represents  a  dynamic  equi l ibr ium between the

rate of ~opulation  reduction by d is turbance  or  p redat ion

approach to competitive equilibrium. Thus in order to fully

and the r a t e  of

e v a l u a t e  the role

of sea ice on an intert idal  community,  we need to know the rates  of grgwvth of

the populations of potential  competitors.

Information on both of these parameters is important to the study of the

impact of oil  pollution on an intertidal community because an oil  spill could act

both to i n c r e a s e  d e n s i t y - i n d e p e n d e n t  m o r t a l i t y  i n  m a n y  s p e c i e s  a n d  to limit

the population growth rates of surviving competitors by suppressing primary

production, interfer ing with feeding behavior ,  or  reducing f e c u n d i t y  or

sett ing success. T h e s e  e f f e c t s  could o f f s e t  o n e  a n o t h e r  if the rate of

competi t ive displacement and the frequency of reduction are not markedly

disparate (i.e. , that one is not of overriding importance) and the oil spill  is

mild. However, .in ice-stressed systems the community is sufficiently far fron’j

competi t ive equi l ibr ium owing to the high rkte of disturbance by

s p e c i e s  d i v e r s i t y  w o u l d  m o r e  likely b e  f u r t h e r  r e d u c e d .

T h e  m o s t  i m p o r t a n t  c h a r a c t e r i s t i c  of i c e - s t r e s s e d  c o a s t s

sea ice that

t h a t  a l l o w s

s p e c i e s  t o  r e m a i n  i n  t h e  s y s t e m i s  t h e  a v a i l a b i l i t y  o f  r e f u g e s  f r o m  i c e

scouring. Woodin  (1978)  suggests f i v e  m a j o r  c a t e g o r i e s  o f  r e f u g e s  f r o m

disturbance: 1 )  t e m p o r a l periods o u t s i d e  t h e  a c t i v i t y range Of the

:listu~bance  p r o c e s s , 2 )  t e m p o r a l  p e r i o d s  w i t h i n  t h e  a c t i v i t y  r a n g e  o f  t h e
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d i s t u r b a n c e  p r o c e s s ,  3 )  s p a t i a l  z o n e s  b e y o n d  t h e  activitv r a n g e  o f  t h e

disturbance process, 4) physical heterogeneit ies within the activity range of

the  d is turbance process, and 5)  b io logica l ly  generated re fuges wi th in  the

activity range of the disturbance process.

Since it is unlikely that biogenic s t r u c t u r e s  c o u l d  w i t h s t a n d  i c e  s c o u r ,

category  5  is  probably  unimportant  in  ice-s t ressed systems. Some motile

species might  be  able  to  migrate  onto  scoured sur faces dur ing a  scour ing

episode, for example when the ice is temporari ly l i f ted from lower intertidal

surfaces at high t ide (category 2),  but there seems to be l i t t le advantage for

an individual to do this since it  must return to a spatial  refuge within 12 h at

most.

Spatial  zones beyond the range of scouring (e.  g

habitats) could b e  i m p o r t a n t  f o r  s o m e  s p e c i e s .

supra-littoral  z o n e

species  and they

subl i t tora l  region

1972), few of them

is above the upper physiological

, supra - or sublittoral

However, since the

imits of most intertidal

are of ten prevented f rom establ ish ing populat ions in  the

b y  t h e  a c t i v i t i e s  o f  p r e d a t o r s  a n d  c o m p e t i t o r s  (Connell

could occupy these habitats.

Temporal periods outside of ( i .e.  , June through December) and physical

heterogeneities within ( interstices of boulder f ields and crevices) the activity

range o f  i c e s c o u r i n g  r e m a i n  t h e  p r i m a r y refuges ava i lab le  to  in ter t ida l

organisms at  the  Pribilof Is lands. Of  these ,  the  la t ter  category  is  probably

more important because a species using the temporal refuge would require a

and would  thereby r isk  having i ts  propagules s w e p t  a w a y

whereas re fuges prov ided by  spat ia l  heterogenei t ies  could

pianktonic stage (e.g. ,  spores, gametes, or larvae) which could weather the

scouring episode

from the  is lands

harbor many life

and in some cases macroscopic

many inver tebrates .

stages (e. g., minute sporophytes, microscopic gametophytes,

algae and egg masses, juveniles, and adults of
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N o n e  o f  t h e  a b o v e - m e n t i o n e d  r e f u g e s  f r o m  i c e  s c o u r i n g  c o u l d  o f f e r

complete protection from an oil  spil l  . Depending on wind and wave action,

b o t h  supra - and subl i t tora l  habi ta ts  could  be  contaminated. A n  o i l  s p i l l

reaching the shores of the Pribilof Is lands in  June through December  would

immediate ly  in terrupt  the

of fshore  o i l  sp i l l  might  be

progress of ecological succession. Al though an

temporari ly prevented from coming ashore during

t h e  p e r i o d  w h e n  t h e  Pribilofs are iced in, depending on wind and currents ,

o i l  could  reach the  shore  as  the  ice  gradual ly  recedes nor th . Since oil in

contact with ice weathers very slowly (e.g. ,  Atlas et al.  1978), the toxicity

of the oil  would probably sti l l  be great when it  eventually reached the shore.

Oi l  reaching the  shore  when ice  is  present  could  be  abraded,  red is t r ibuted,

and d ispersed somewhat  by  ice  scour ing, b u t  s e a  i c e

generation and dampens existing waves thereby reducing

w h i c h  c o u l d  b e  t h e  m o s t  i m p o r t a n t  d i s p e r s i n g  a g e n t

(Owens 1978).

Physical

coarse-g rained

heterogene i t ies  on rocky shores in the

( c o m p a r e d  w i t h  g r a v e l l y ,  s a n d y ,  o r

a lso  prevents  wave

mechanical dispersal

a t  h i g h e r  l a t i t u d e s

Pribilof I s l a n d s  a r e

m u d d y  b e a c h e s ) ,

interstit ial

Moreover,

substrates

spaces are  la rge;  therefore , even heavy oi Is can penetrate them.

rates  of  abras ion and d ispers ion are  reduced in  coarse-g  ra ined

(Owens 1978) . The pr imary  re fuge f rom ice-scour  for  in ter t ida l

organisms would therefore become rapidly contaminated for a prolonged period

if an oil spill washed ashore at the Pribilof Is lands. The net effect of a spill

p r o b a b l y  w o u l d  b e  a  p r o p o r t i o n a t e l y  l a r g e  r e d u c t i o n  i n  s p e c i e s  r i c h n e s s

involving local extinction in some cases and a prolonged period of return to a

natural community.
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Vlll. CONCLUSIONS

1. Comparisons of intertidal communities at islands whose shores had

recently been subject to scouring by sea ice with those at unscoured is lands

indicate that ice scouring significantly reduces species richness. (Reasonably

f i r m ) .

2. The distribution of biomass among species tends towards a greater

concentration of dominance among a few species on shores recently scoured by

ice. ( T e n t a t i v e ) .

3. By midsummer, 4  months a f ter  the  end of  a  scour ing event ,  the

intertidal community on shores scoured by ice is sti l l  dominated by fugitive

and ephemeral species whereas  canopy species  domin

(Pre l iminary) .

4. Major c o m p e t i t o r s  f o r  s p a c e  i n  t h e  mid-

c o m p e t i t o r s  a r e  g e n e r a l l y  sessile i n v e r t e b r a t e s )  t e n d

ate unscoured shores .

ntertidal z o n e  ( t h e s e

to  be  absent  f rom or

small  and low in abundance on unprotected surfaces where the frequency of

scour ing is  h igh.  (Pre l iminary) .
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Our conclusions

i c e  s e e m s  to be the

Pribilof I s l a n d s  w e

especially herbivory,

lx. NEEDS FOR FURTHER STUDY

need to be tested experimentally. Although scouring by

major structuring force in intertidal communities at the

n e e d  t o  e x a m i n e m o r e  f u l l y  t h e  r o l e  o f  p r e d a t i o n ,

and competition in ecological succession after a scouring

episode. It  should be possible to protect areas of exposed rock by artif icial

s h e l t e r s  m a d e  o f  s t e e l  r e i n f o r c i n g  b a r s  o r  c o n c r e t e  a n d  t h e r e b y  p r o v i d e

experimental re fuges where in  species d e n s i t i e s  c o u l d  b e  m a n i p u l a t e d  a n d

changes in community structure could be followed through winter and spring

in the absence of scouring.

Natura l  re fuges should  be  s tudied to  learn  what  in t r ins ic  and ext r ins ic

factors determine which species can use them and how they use them.

Rates  of  compet i t ive  d isp lacement s h o u l d  b e  e s t i m a t e d  i n  o r d e r  t o

quant i fy  the  dependence of  species  d ivers i ty  on th is  factor  in  combinat ion

with the frequency of ice scouring.

330



LITERATURE CITED

Addicott,  J .  F . 1974. P r e d a t i o n  a n d  p r e y  c o m m u n i t y  s t r u c t u r e :  a n

experimental s tudy of  the  e f fect  o f  mosqui to  larvae  on the  protozoan

communities of pitcher plants. Ecology 55: 475-492.—

A n o n y m o u s . 1978. NODC Taxonomic  Code. P r e p a r e d  f o r  U . S .  D e p t .  o f

Commerce, Nat ional  Oceanic  and Atmospher ic  Administ ra t ion,  Nat ional

Oceanographic Data Center by Institute of Marine Sciences, University of

Alaska. 526 p .

Atlas, R.M. ,  A .  H o r o w i t z ,  a n d  M .  Busdosh. 1978. Prudhoe crude o i l  in

arct ic  mar ine  ice , water , and sediment ecosystems: degradat ion and

interactions with microbial and benthic communities. J .  F ish.  Res.  Board

Can. 35: 585-590.—

Bakker, K . 1959. Feeding habi ts  and zonat ion in  some inter t ida l  snai ls .

A r c h .  Neerl. Zool. 1 3 :  2 3 0 - 5 7  a s  d e s c r i b e d  i n  Purchon, R.D. 1968.— —

The Biology of the Mollusca. Pergamon Press, 585 p.

Batzli, G.O. 1969. Distribution of biomass in rocky intertidal communities on

the  Pac i f ic  Coast  o f  the  Uni ted  Sta tes . J .  Anim.  Ecol  .  38:531-546.—

Behrens, S . 1971. T h e  d i s t r i b u t i o n  a n d a b u n d a n c e  o f  t h e  i n t e r t i d a l

prosobranchs Littorina scutulata ( G o u l d  1 8 4 9 )  a n d  ~. s i t k a n a  (Philippi

“1845) .  Masters Thesis, University of Brit ish Columbia. 184 p.

B e r g ,  R.J. 1977. An updated assessment of biological resources and their

commercia l  importance in  the  St . George  Basin  of  the  eastern  Ber ing

Sea. Pp. 555-680 in Environment Assessment of the Alaskan Continental—

Shelf: Annual  repor ts  of  pr inc ipa l  invest igat ions for  the  year  ending

March 1977. vol. 1, Receptors-Mammals. O u t e r  C o n t i n e n t a l  S h e l f

Environmental Assessment Program, Boulder, Colorado. 577 p .

331



B e r r y ,  A.J. 1961. Some factors affecting the distribution

(Olivi). J .  Anim.  Ecol. 30:27-45.—

Castenholz,  R.W. 1961. The effect of grazing on marine

populations., Ecology 42: 783-794.—

of L. saxatilis—

littoral diatom

Connell,  J.H. 1972. C o m m u n i t y  i n t e r a c t i o n s  o n  m a r i n e  r o c k y  i n t e r t i d a l

shores. Annual Review of Ecology and Systematic ~: 169-192.

Connell, J.H. 1978. Divers i ty  in  t ropica l  ra in  forests  a n d  c o r a l  r e e f s .

Science 199: 1302-1309.

Conover, W.J. 1971. Practical

474 p .

C r a i g ,  P.C. 1968. T h e  a c t i v i t y

non parametric statistics. Wiley, New York.

pattern and food habits of the limpet Acmaea

Ix!E” Veliger II Suppl. :  3 - 1 9 .—

Dahl, A.L. 1964. Macroscopic algal foods of Littorina planaxis  Phillipi and

Littorina scutulata  G o u l d . Veliger ~: 1 3 9 - 1 4 3 .

Dayton, P. K. 1971. Competition, disturbance, and community organization:

the provision and subsequent utilization of space in a rocky intertidal

community. Ecol. Monogr. 41: 351-389.—

Dayton,  P .  K . 1975. Experimental evaluation of ecological dominance in a

rocky intertidal algal community. Ecol. Monogr. 45(2 ) :  137-159 .—

E l l i s ,  D .  V . ,  a n d  R.T. Wilce. 1961. A r c t i c  a n d  s u b a r c t i c  e x a m p l e s  o f

intertidal zonation. Arctic 14: 224-235.—

Environmental Research

Environment, biota,

Laboratories. 1977. St. George Basin:

and potent ia l  problems re la ted to  o i l  explorat ion.

Pp. VI 1-43 in Environmental Assessment of the Alaskan Continental.

Shelf: Annual Reports Summary for the year ending March, 1977.

332



Outer  Cont inenta l  Shel f  Envi ronmenta l  Assessment  Program,  Boulder ,

Colorado. 813 p.

Estes, J .  A . , a n d  J.F. Palmisano. 1974. Sea  ot ters : t h e i r  r o l e  i n

structuring near-shore communities. Science 185: 1058-1060.

Fauchald, K . 1977. T h e  polychaete w o r m s : d e f i n i t i o n s  a n d  k e y s  t o  t h e

orders , fami l ies  and genera . Natural History Museum of Los Angeles

County Science Series 28. 197 p.—

F a v o r i t e ,  F .  ,  A.J. Dodimead, and K.  N a s u . 1976. Oceanography of  the

subarc t i c  Pac i f i c  reg ion ,  1 9 6 0 - 7 1 . I n t .  N .  P a c .  F i s h .  Comm. ,  Bul l .  33:—

1-187.

Feder, H. M., a n d

V. F i s h e r ,  t).

J.J. Goering,

Environmental

R 7 4 - 3 ,  I n s t .

Report ,  Univ .

F o s t e r ,  M.S.

Littorina

Glynn, P.W.

in the

G.J. M u e l l e r . 1974. Biological studies. In D.W. H o o d ,—

N e b e r t ,  H .  F e d e r ,  G.J. M u e l l e r ,  D .  Burrell, D. Boisseau,

G.D. S h a r m a ,  D.T. K r e s g e ,  a n d  S.R. Fison  (eds. ) ,

s t u d y  o f

War. Sci. ,

of Alaska,

the marine environment near Nome, Alaska.

Univ . Alaska, Fairbanks. R73-14, S e a  G r a n t

Fairbanks. 256 p .

1964. Microscopic algal food of Littorina planaxis Phillipi a n d

scutulata  Gould. Veliger ~: 1 4 9 - 1 5 2 .

1965. Community composition, structure and interrelationships

marine intertidal Endocladia m u r i c a t a  - Balanus glandula

association in Monterey Bay, California. Beaufortia  12: 1 - 1 9 8 .—

Grime, J. P. 1973. Control of species density in herbaceous  vegetation. J.

Environ. Manage. ~: 151-167.

H a v e n ,  S.B. 1973. Compet i t ion  for  food between the  in ter t ida l  gastropod

Acmaea scabra and Acmaea digitalis. Ecology 54: 143-151.—

333



H a y e s ,  F.R. 1929. Contributions to the study of marine gastropod. I  I  1.

Development, arowth a n d  b e h a v i o r  o f  L i t t o r i n a . Contr. C a n a d .  B i o l .,-

F i s h .  N.S. Q: 4 1 3 - 4 3 0 .

Hickey, J .  J . ,  and F.L. C r a i g h e a d .

Pribilof Is lands. Pp. 96-195 in—

1977. A  c e n s u s  fo s e a b i r d s

Environmental Assessment of the

o n  t h e

Alaskan

Continental Shelf: Annual reports of principal investigators for the year

ending March 1977. Vol .  2 .  Receptors-Bi rds . Outer Continental Shelf

Environmental Assessment Program, Boulder,  Colorado. 577 p.

Hobson, K .  D .  ,  a n d  K .  B a n s e .

Columbia and Washington. (in

H u n t ,  G.L. 1977. Reproductive

Benthic s e d e n t a r i a t e  polychates of  Br i t ish

preparat ion)

ecology, foods, and foraging areas of sea

b i r d s  n e s t i n g  o n  t h e  Pribilof I s l a n d s .  P p .  1 9 6 - . 2 8 2  i n  E n v i r o n m e n t a l

A s s e s s m e n t  o f  t h e  A l a s k a n Cont inenta l  Shel f : A n n u a l  r e p o r t s  o f

principal investigators f o r  t h e  y e a r

Receptors -13irds. Outer  Cont inenta l

Program,  Boulder ,  Colorado.  577 p .

Huston, M . 1979. A general hypothesis of

Natural ist  113: 81-101.

ending M a r c h  1 9 7 7 . v o l .  2 .

Shel f  Envi ronmenta l  Assessment

species diversity. The American

H u t c h  inson, G.E. 1951. Copepodology for  the  orn i thologist .

571-577.

L e b e d n i k ,  P.A. ,  and J.F. Palmisano. 1977. Ecology of marine

Ecology 32:—

a l g a e .  P p .

353-393 in M. L. Merritt  and R. G. F u l l e r  (eds. ). T h e—

A m c h i t k a  I s l a n d ,  A l a s k a .  Natl. T e c h .  Inf. S e r v .  ,  U . S .

Spr ingf ie ld ,  Va. 694 p.

L e v i n ,  S .  A . ,  a n d  R.T. P a i n e . 1974. Dis turbance,  patch

Environment of

Dept. Comm. ,

format ion,  and

community structure. Proc. Nat.  Acad. Sci.  USA 71: 2744-2747.—

334



L e w i s ,  J.R. 1964. The ecology of rocky shores. The English Universities

Press Ltd. , London. 323 p .

Loucks, O.L. 1970. E v o l u t i o n  o f  d i v e r s i t y ,  e f f i c i e n c y ,  a n d  c o m m u n i t y

stabil i ty. A m e r .  Zool. 10 :  17 -25 .—

Lubchenko, J . 1978. P l a n t  s p e c i e s  d i v e r s i t y  i n  a  m a r i n e  i n t e r t i d a l

community: importance of herbivore food preference and algal competitive

abil it ies. The American Naturalist  112: 23-39.

Lubchenko, J .  , a n d  B . A . Menge. 1978. Communi ty  development  and

p e r s i s t e n c e  in a low rocky in ter t ida l  zone. Ecological Monographs 59:—

67-94.

MacArthur ,  R .  H . ,  and E.O. W i l s o n . 1963. An equilibrium theory

zoography. Evolution 17: 373-387.—

M a c A r t h u r ,  R .  H . ,

biogeography.

M a n n ,  K .  H . , and

abundance, sea

603-605.

a n d  E.O. Wilson. 1967. T h e  t h e o r y

Pr inceton Univ .  Press,  Pr inceton.  203  p .

of insular

of island

P.A. Breen. 1972. T h e  r e l a t i o n  b e t w e e n  l o b s t e r

urchins,  and ke lp  beds. J .  F ish .  Res.  Board Can.  29:—

M a n n ,  K .  H . ,  a n d  R.B. C l a r k . 1978. Long- term ef fects  of  o i l  sp i l ls  on

marine intertidal communities. J .  F i s h .  R e s . Board Can. 35: 791-795.—

M a y ,  R.M. 1975. Patterns of species abundance and diversity. pp. 81-120

in  Cody,  M.  L . ,  and J.M. D i a m o n d ,  eds. , The Ecology and Evolution of—

Communities. H a r v a r d  U n i v e r s i t y  P r e s s , Cambridge, Massachusetts.

624 p .

McRoy, C.P. 1969. Eelgrass under arctic winter ice. Nature 224: 818-819.

335



NlcRoy, C.P. 1970. Standing stocks and other features of eelgrass (Zostera

marina) populations on the coast of Alaska. J. Fish. Res. Board Can.

27: 1811-1821.—

Nlc Roy, C. P., and M.B. Al len. 1974. Ice stressed coasts. Pp. 17-36 &

H.T. O d u m , B .  C o p e l a n d ,  a n d  E .  M c M a h a n  (eds. ). Coastal Ecological

Systems of the United States, Vol I I I . 453 p.

McRoy, C.  P. , a n d  C .  McMillan. 1977. Production ecology and physiology of

seagrasses. Pp. 5 3 - 8 7  i n  McRoy, C.  P . ,  a n d  C .  Helfferich (eds. ) .—

Seagrass Ecosystems: A Scientific Perspective. 314 p.

Menge, B . A . 1976. Organization o f  t h e  N e w  E n g l a n d  r o c k y  i n t e r t i d a l

community: role of predation, competition,

heterogeneity. Ecol. Monogr. 46: 355-393.—

N e w e l l ,  G.E.

conditions

1958. T h e  b e h a v i o r  o f  Littorina Iittorea

and its relation to posit ion on the shore.

and environmental

(L. ) under natural

Journ. Mar. Biol.

ASSOC. U. K, , 37: 229-239.—

Nicotri, M.E. 1977. Grazing effects of four marine intertidal herivores on

microflora. Ecology 58: 1020-1032.—

NOAA . 1976. Tide Tables 1976 -

of North and South America,

High and low

including the

water predictions;

Hawaiian Islands.

West Coast

U.S. D e p t .

of Commerce, National Oceanic and Atmospheric Administration,

O c e a n  S u r v e y .  2 2 2  p .

O’Clair, C .  E . ,  J.L. H a n s e n ,  J.S. M a c  Kinnon, J.A. Gharrett ,  N. 1.

National

Calvin,

a n d  T.R. Merrell, J r . 1978. Baseline/reconnaissance characterization,

l i ttoral biota, G u l f  o f  A l a s k a  a n d  B e r i n g  S e a . P p  2 5 6 - 4 1 5  i n—

E n v i r o n m e n t a l  A s s e s s m e n t  o f  t h e  A l a s k a n  C o n t i n e n t a l  S h e l f :  A n n u a l

r e p o r t s  o f  p r i n c i p a l  i n v e s t i g a t o r s  f o r  t h e  y e a r  e n d i n g  1 9 7 8 . Vol. 4

336



Receptors-Fish, Littoral , Benthos. Outer Continental Shelf

Environmental Assessment Program, Boulder,  Colorado. 733 p.

Osman, R.W. 1978. The influence of seasonality and stabil ity on the species

equilibrium. Ecology 59: 383-399.—

O w e n s ,  E.H. 7978. Mechanical dispersal of oil stranded in the littoral zone.

J.  Fish. Res. Board Can. 35: 563-572..

P a i n e f  R.T. 1966. Food web complex i ty  and species  d ivers i ty . Amer.

Natur. 100:  65 -75 .

P a i n e ,  R.T. 1971. A  s h o r t - t e r m  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  r e s o u r c e

part i t ioning in a  N e w  Z e a l a n d  r o c k y  i n t e r t i d a l  h a b i t a t . Ecology 52:—

1096-1106.

Palmisano, J .  F . ,  a n d  J.A. Estes. 1977. T h e  i m p a c t  o f

nearshore community structure and dynamics at Amchitka

s e a  o t t e r s  o n

Island, Alaska.

Pp. 5 2 7 - 5 7 6  i n  M.L. Merr i t t  and R.G. Ful ler  (eds. ) .  T h e  E n v i r o n m e n t—

of Amchitka Island, Alaska. Natl. T e c h .  Inf. S e r v .  ,  U . S .  D e p t .  Comm. ,

Spr ingf ie ld ,  Va.

P e t t i t t ,  C.W. 1974

[ (Gastropod:

694 p .

A n  i n d e x e d  b i b l i o g r a p h y  o f  t h e  F a m i l y  Littorinidae

Mollusca)] 1 7 5 8 - 1 9 7 3 . Manchester Museum Publications

No.  NS.  4 .74 .  36  p .

Phillips, ‘R. C. 1974. Temperate grass f lats. P p .  2 4 4 - 2 9 9  i n  H.T. Odum, B .—

C o p e l a n d ,  a n d  E .  M c M a h o n  (eds. ). Coastal Ecological Systems of the

United States, Vol . I I . 521 p .

Pie!ou,’ E.C. 1972. Measurement of structure in animal communities. Pp.

1 1 3 - 1 3 5  i n  W i e n s ,  J .  A . ,  c d .  , Ecosystems S t r u c t u r e  a n d  F u n c t i o n .—

Oregon State Univ. Press. 176 p.

337



Pielou, E.C. 1975. Ecological Diversity. Wiley-

166 p.

Rigg, G. B., and R.C. Mi l ler . 1949. Intertidal plal

the vicinity of Neah Bay, Wahsington. Proc.

nterscience, New Y o r k .

)t and animal zonation  in

Cal. Acad. of  Sci.  2 6 :—

323-351.

Scheff6, H .

variance.

S c h o e n e r ,  A .

1953. A method for judging all contrasts in the

Biometrika  40: 87-104.—

1974a. Experimental Zoogeography: colonization

analysis of

of marine

mini-islands. American Naturalist 108: 715-738.

Schoener,  A.  1974b. Colonization curves for planar

55: 818-827.—

marine islands. Ecology

Schoener,  A. ,  E. R. Long, and J. R. De’Palma.  1 9 7 8 .  G e o g r a p h i c  v a r i a t i o n

in artificial island colonization curves. Ecology 59: 367-382.—

S e a r sf H. S., and S.J. Z i m m e r m a n .

Northwest and Alaska Fisheries

1977. A

Center ,

Bay, Alaska.

Taylor, D. L. 1973.

Yellowstone  Park,

U.S. Coast Pilot #9.

U.S. Department

Walker ,  C.G. 1968.

aska In ter t ida l  Survey

A u k e  B a y  L a b o r a t o r y ,

Atlas.

Auke

Some ecological implications of forest fire control in

Wyoming. Ecology 54: 1394-1396.—

1964. Alaska,  Cape

of Commerce, Coast

Spencer to Beaufort Sea

and Geodetic Survey.

7th ed.

348 p.

S t u d i e s  o n  t h e  j a w ,  d i g e s t i v e  s y s t e m ,  a n d  coelomic

derivatives in representatives of the genus Acmaea. T h e  Veliger ~

.%p~l : 8 8 - 9 7 .

W h i t t a k e r ,  R.H. 1965. Dominance and diversity in land plant communities.

Science 147: 250-260.

338



W h i t t a k e r ,  R.H. 1970. Communities

Company, New York. 158 p.

W h i t t a k e r ,  R.H. 1972. E v o l u t i o n  a n d

T a x o n  21:  213-251 ..

and Ecosystems

measurement of

1$ ’ise, J .  L . ,  a n d  H.W. .Searby. 1977. S e l e c t e d  t o p cs in

T h e  M a c m i l l a n

species  d ivers i ty .

marine and coasta

c l i m a t o l o g y .  P p .  7 - 2 7  i n  B r e w e r ,  W . ,  a n d  S e a r b y ,  H .  (eds. ). Climatic—

Atla~. : T h e  O u t e r  C o n t i n e n t a l  S h e l f  W a t e r s  a n d  C o a s t a l Regions of

Alaska,  Vol .  II Ber ing Sea. BLM/OCSEAP.  4 4 1  p .

W o o d i n ,  S.A. 1978. Refuges, disturbance, a n d  c o m m u n i t y  s t r u c t u r e :  a

marine soft-bottom example. Ecology 59: 274-284.—

Zimmerman, S- T., J.H. Gnagy, N . 1 .  C a l v i nf J.S. M a c  K i n n o n ,  L .  B a r r ,  J .

Fujioka, a n d  T.R. Merrell, J r . 1977. Baseline/reconnaissance

characterization, l i t t o r a l  biota, G u l f  o f  A l a s k a  a n d  B e r i n g  S e a .  P p .

:-228 in  Envi ronmenta l  Assessment  of  the  Alaskan Cont inenta l  Shel f :—

Annual repor ts  of  pr inc ipa l i n v e s t i g a t o r s  f o r  t h e  y e a r  e n d i n g  M a r c h

1977. v o l .  I l l . R e c e p t o r s - F i s h ,  L i t t o r a l ,  Benthos. Outer Continental

Shelf Environmental Assessment Program, Boulder, Co. 825 p .

Z i m m e r m a n ,  S .  T . ,  J.L. H a n s o n ,  J.T. Fujioka, N.1. C a l v i n ,  J.A. G h a r r e t t ,

J.S. Mackinnon. 1978. Intertidal biota and subtidal kelp communities of

the  Kodiak  Is land area . Nor thwest  and Alaska  F isher ies  Center ,  Auke

Bay Laboratory , N a t i o n a l  M a r i n e  F i s h e r i e s  S e r v i c er N O A A ,  A u k e  B a y ,

Alaska, Processed Report. 181 p.

Z i m m e r m a n ,  S.T. , a n d  T.R. Merrell, J r . 1976. Baseline/reconnai  sance

characterization, littoral biota, G u l f  o f  A l a s k a and Bering Sea.

Quar ter ly  Repor t , Ju ly  l -September  30 ,  1976. Outer Continental Shelf

Environmental Assessment Program. 15 p.

339



APPENDICES



Key

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
1’4.
15.
16.

17.
18.
19.
PO.
21.

22.
23.
24.
25.
26.
27.
28.
29.
36.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
4-I .
42.
43.
44.
45.
46.
47.
48.
49.

to the species and groups

Balanus cariosus

APPENDIX

identified in

50.
Alariaceae cf .  A lar ia  cr isps 51.
Strongy locentrotus droebachiensis 52.

55.Alaria crisps taeniata
Katharina tunicata
Hiatella arctica
Pairnaria palmata
Nlvtilus edulis
=rnorpha spinescens
Ler:asterias  sp.—.
?t~aeo~hyta
Rhodymenia sp.
Synoicidae
Coi!isella pe l ta
Notoacmea  scutum
Zoantharia  Actiniaria

Nynantheae thenaria
Tunicate f r a g .
Nucella canal iculata
Pterosiphonia bipinnata
Leptasterias  Ieptodoma
Monostroma  fuscum
Cirratulus c i r ra tus
MoRalia  ciliata
-la sp.
Iridaea s p .
Cancer oregonensis
Analipus japonicus
Nereis pelaqica.—
INereis  vexillosa
Amphiglena sp.

= or@90nia
Cancer sp.
Nicolea zostericola
Cucumaria pseudocu rata
Leptasterias  camtschatica
‘Calcareous red alga
Colpomenia bullosa
Porifera
Rhynchocoela
Scrupocellaria arctica
ldotea wosnesenskii
CaRitella ca~itata——
Dynamenella  sheareri
Leptasterias  hexactis
Polvcirrus medusa
Odonthalia floccosa
Toniceila Iineata
Mopalia sp.
~ponqomorpha sp.

56.
58.
59.
60.
65.
66.
67.
68.

70.
76.
77.
78.
79.
87.
88.
89.
90.
92.
94.
96.
97.

101.
104.
106.
109.
131.
137.
138.
139.
148.
151.
154.
157.
170.
174.
175.
176.
177.
178.
179.

I

E i d e r  Pcint samplesa.

Antithamnion sp.
Eulalia quadrioculata
Parallorchestes ochotensis
Polychaete (frag. )
Asabellides sibirica
Eteone lon~
Typosyllis s p .
Oligocheata
Naineris quadricuspida
Exoqone gemmifera
Phyllodocidae
Eucarida Decapoda Pieacyemata

Stenopodidea
Potamil  la neglects——
Typosyllis variegata
Cnidaria
Nematoda
Margaritas berinqensis
Pterosi~honia SD.—,
Rhodophyta
Diptera larvae
Parapieustes nautilis
,4 Utolytus Sp.
Munna chromatocephala
Chone gracilis
Terebellidae
Monostroma sp.
Egg case
Ammothea pribilofensis
Musculus olivaceous
Chlorophyta
Gastropoda
Parapleustes s p .
Paleonotis bellis
Le~tasterias  camtschatica
Balanus qlanduia
Achelia chelata
=r~na sitkana
Fabricia crenico!lis
Henricia Ieviuscula
Schizobranchia  insignis
Spongomorpha cf.  mertensii
I schyrocerus cf. tsvetkovae
Exosphaeroma amplicauda
Echinodermata

a. Not all species analyzed in the original
data are presented in Figures 30 and
31 ; this accounts for periodic
non-consecutive numbering in the table.
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APPENDIX II

Species Lists

The nomenclature used in the following species lists generally follows

that  of  the Nat ional  Oceanographic Data Center (NODC) Taxonomic  Code

(Anonymous 1978)  prepared by the Institute of Marine Science of the

University of Alaska. The taxonomic order follows the code order of

Anonymous (1978). Only live organisms in samples collected at our sampling

sites are included. Usually only the phylum and class to which each species

belongs are included in the lists unless one or more representatives of the

phylum were not identified more specifically than to some higher taxon other

than phylum or class (e.g. subclass, order, etc. ) in which case the names of

all other groups at that taxonomic level are included to avoid confusion over

the relationships of other species in the phylum. The names of families are

included especially if the group is diverse and organisms are frequently

identified only to famiiy within the group.

Only the presence of species are noted by an “x” unless an organism

was not identified more specifically than to some higher taxonomic level.

Several species

They are noted

in Appendix I ID were collected from the subtidal region.

by an asterisk after their names.
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Appendix Tab
a t  intertida

. ..- . . -,. . . . , ,. ,,,
e IIA--- Llst ot t h e  s p e c i e s  OT Dentnlc p l a n t s  arm lnverte~rates

sites in the western Gulf  of Alaska and northe.~ ‘ristol Bay .

. —

-oc
m
UI
H

— — — —
—

—
—

—
—

—
—

—
—
—

PHYLUM CiiLOROPHYTA
Family Ulotrichaceae
Ulothrix sp. x— — — . —

—
—
—

—
— — — —

.
—
—

—
Family Plonostromataceae

&lonostroma  fuscum x— x
—

x—
—

—
— — — —

—
—
—

—
—

—
—Family U~vaceae

lJlva  lactuca
Ulva sp.
U?va fenest ra ta.—
~~)~~romorpha  intest,inalis

x—
—

-I--

.
—
—

x
—

-Y—

x
-T—
—

x—
—
—

—

x—
—

--i-—

— —
—

—
—

—
—

—
—

—
— — — —

—x—
—

x
Y
x

.
—

—
—Family Acrosiphoniaceae — — — — —

—Spon~omorpha”arcta
Spongomorpha  sp.
Spongomorpha  spinescens
Urospora mirabilis

—
—

-x-—
—

—
—

—
—

.
— — — — — —

—x—
— — — . —

—Family Cladophoraceae — — — —
Lola- lubrich
Clado~hora  S D. x——

--I
— — —

—
—
—

—.
Cladophora seriacea
Rini.zoclonium  implexum

— — —

— — — —
—

—
—

—
—PHYLUM CRYSOPHYTA —- — —.

Subphylum Bacillariophyceae x—
—

—
—

—
— —

—
—
—

—
—

—
— —

—
.

—
—
—

PHYLUkl PHAEOPtlYTA —
—

Order Ectocarpales
—

x—

—
—

—
—
—
—
—
—
—
—

—

x -
—

--i-

—
—
—
—
—
—
—

F a m i l y  E c t o c a r p a c e a e —
—
—
—
—
—

—
—
—
—
—
—

—
— —

—
—
—
—

—
—Pylaie~la litt.oralis

Ectocarpus simulans
—

x— x—
—

-I-—

—
—
—
—

—
—
—
—

—
—
—

Family Elachistaceae
Elachistea  fucicola
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Appendix Table IIA. --(continued).

—

— —
—Family Chordariaceae

Analipus japonicus 3= =!=x
— —

Order Dictyosiphonales

3=x

1

Family Punctariaceae
Melanosiphon  intestinalis
$oranthera  ulvoidea

— —
—

I

— —
—Family $phacelariaceae

Sphacelaria  sp.

*

x x

* =E—
—Family Laminariaceae

Laminaria sp.
Laminaria longipes

—
—$x x

x
— —

—
*

Family Alariaceae
Alaria sp.
_ taeniata

Desmarestia viridis
Desmarestia aculeata 3=xxx x

x
x x

=!= —
—
—
—
—
—
—

—

—
—

Family .Fucaceae
#
1 d==I -d---Fucus Sp.

Fucus spiralis
—

*

x x

*

x x

=$=-—
—Order Scytosiphonales —

$x x
x x

Family .Scytos_iphonaceae
Petalonia fascia
Petalonla sp.
Scytosiphon  lomentari.a 3=

—
—
—

—
—
—

t I
PHYLUM RHODOPHYTA —

— —
—FatmiJy Bangiaceae

!E!l@ fuscopurpurea
Porphyra sp. i—

—
—
—
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Append x Table 11A. - - (cont inued) .

— — —— — —

aJ
u
L.-

Family Acrochaetiaceae i —
x -—

—
—

—
— —

—
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Family Endocladlaceae
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— —
—

—
— —

— x—

-I-

x—

- I -—

x—
—

—
x—Cylichna sp.

Siphonaria thersites

Order Nudibranchia
Onchidella borealis

—— —
— — —

— — —
—

—
x—

—
—

-i-—
—
—

— — —
— ——

—
—
—
—
—
—

— — —
—

— — —
—
—
—
—
—

PHYLUM ARTHROPODA — ——
—
—
—
—

— —
—

—
—
—
—

—
—
—
—

—
—
—
—

Class Pseudoscorpionida x—
—

——
—
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Appendix  Table IIB. --(continued).

.

-0c
m

T
—

~ss Acarina x— x

*

4 1

-x-~arnily  Halicaridae

Class  Pycnogonida -x-t---1- — —

x

x x

!YY!!@u14rossipes
Ammothea alaskensis
Ammothea gracilipes
TFinmt.hea latifrons
-cm ~ribilofensis

=k- =F=x -’x-
-r

1 —

l–-+-=1= m I

-r -E-X
-x-

+=
*Achelia chelata

/lchelia spinosa
Pb~Xi~hilidi~m  femoratum.——.
~:~cnocjonum sp.

Class Crustacea

Subclass Platycopa

Subclass Copepoda

Order tiarpacticoida

Family Peltidiidae

Subclass Cirripedia

Order Thoracica

=Fx x
-x-a= -x-

?=x a=3= — T- —
—

=+=

—
. -x-—

=b-=1= —
—

*

—

x—I

$

$
x

x x

x
x x

l—

-x--

-x-
-x-

=i=

—
—I —

-i-
1

X1X
x

x
x x

- x x

Chthamalus  dalli
Gal anus

I T
Sp. x

-r
-F
—
—
—
—

—

bal anus
cariosus
glandula

1

T
-x-

*
I .

Subclass 14alacostraca

Order Llysidacea —
—
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Appendix Table IIB. --(continued).

Family Mysidae

Order Cumacea
Campylaspis  affinis

Family Nannastacidae
Cumella sp.

Order Tanaidacea

Order Isopoda

Family Sphaeromat-
Gnor;mosphaeroma oregonensis
Exosphaeroma amplicauda
ilynamenella  sheareri

Family Idoteidae

I I

a,

x

x

x I

I

i

x

x

t

J

kii
Idotea sp.

Family Asellidae
Ianiropsis kincaidi ~

Family Munnidae
Munna stephenseni
Munna chromatocephala

Family Dajidae
Cryptothir balani

ncai di

a=

3
x
x

2=
=1=x x

3=x
3=
d=

-i-

- x -

x

-+

+

d
+
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Appendix  Table IIB, --(continued).

order Amphipoda

t
Suborder Gammaridea 1=

+=

.
—

Family Ampithoidae - I -
x

x
I

Amp~th~@ sp.
Amplthoe similans
%rnithoe rubricatoides

1

*

x
-x-
-i-—

x
—

——

F a m i l y  Calliopiidae
Oligochinus lighti
Calliopiel?a pratti

-Y-
-x-—

.

.—

Family Corophiidae
Corophium  sp. -r x.

.
-x-—

%

x
x

x

Family Eusiridae
-rAccedomoera vagor

Paramoera  columbiana
Pontogeneia sp.

—

3=x
x

— — .

—
—

—
.

Family Gammaridae
Anisogammarus pugettensis
P.nisogammarus  locustoides
Gammarus Iocusta

—

x
*

——

$x —

Melita s p .
Ilnisogammarus sp,

-—
x

-x-.

Family !-laustoriidae
Pontoporeia affinis

=

x

x

.

—

—
—
—

x—
—

—
—
.
.
—
—
—

*

Family Hyalellidae

m Conciliorum .

x
F a m i l y  Hyalidae
Allorchestes angustus

mm
Para?lorchestes  o c h o t e n s i s

.
—

-r
Y -

—
— —

—

-r-t--T
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Appendix Table IIB. --(continued).

.-

Family Isaeidae
Protomedeia grandimana

Family Ischyroceridae

x

x

x

I

*

x

-I-Ischyrocerus  sp.
Iscftyrocerus  anguipes
Ischyrocerus  cf. tsvetkovae
Jassa pulcella

Family Lysianassidae

1

s I

*

x x

=1=Family Phoxocephalidae
Paraphoxus sp. - I -

x x

Family Pleustidae
Parapleustes  nautilus
Parapleustes  sp.

x

Family Stenothoidae

Suborder Caprellidea

=ExFamily  Caprellidae
I

Superorder Eucarida

Order Decapoda
@!W!2!2 SP”
Pagurus sp.
!@W beringanus
Q1.YW h. hirsutiusculus

+=
x

I

*

x
x

r

3xxxI

Haplogaster  grebnftzkii
Telmessus cheiragonus
Cancer oregonensis

1
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c
o0
0m

nac
w
N
m
G
a)
Q

:
—

-0
L

g

w

u
!=
m7

-@
-@a

Class Insects — ——
— — — — —

Order Collembola
Anurida maritfma

— — —
— J_— — — —

—
x -—

— — —
x—Order Coleoptera x—

—

— — —
Family Staphylinidae x—

--I—

—

x—

-I—

-T—

x—— —
— —

— .x—
—

x—
—

x—
—

— —

Sd20!’der  Cyclorrapha
— -I—

— —
—

—
—
—

Family Chironomidae x—
—
—

x—
.
—

x— x—
—

—
— —

~~yLu~ sIf)u~cuLA —
—

—
— —

— —
—
—Family Sipunculidae x—

—
— — —

—
—
— — —

—Pi-lYLUiY ECHIURA
i30nelliopsis alaskana —

—
—

—
— x—

—
.

—
—

—
— — — —

PHYLUM PRIAPULIDA
Priapulus caudatus

— —
x x—

-Y
—
—

x——
— — — — —

--Y—
—
—

PHYLUPl  ECTOPROCTA x—
—

— —
Flust.rella sp.
Dendrobeania murryana
ScruDocellaria  arctica

— —
— x

-i-
-I—

— — — —
— —

—NiX@lites  sp. — —
— — — — —

—
—
—

—
—PHYLUFI BRACHIPOllA x—

—
—
—

—
—

-I

—
—

—
—

—
—
—
—
—

—
—

—
—
—

—
—

PHYLUM ECHINODERPIATA — —
—
—
—
—
—

—

-I—
—

—
—
—
—

-I—

—
—
—
—
—
—

Class  Asteroidea
Leptasterias  alaskensis
Leptasterias  camtschatica
Leptasterias  hexactis x—
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—

c
00m
2
-@
Q

t’-
i?—

—

s.F-
a.
2
a
(2z—

—

—
Class Asteroidea  - cent’d.
Leptasterias  leptodoma
Leptasterias  sp.
Henricia  laeviuscula

—
—

—
—

—
— — — —

—
—
-x_ —

—
—

—
—

—
—Class Ophiuroidea

~~hioRholis  aculeata
-x_
J(_
—
—

— —
— — —

— — — —
—Class Echinoidea

!WW)’’Iocentrotus
— — —

-x_—
—

—
—Strongylocentrotus

droebachiensis
—

I -—
—
—

—
— -x_— —

—
—

—
—Class Holothuroidea — —

J_
—
_x_Cucumaria pseudocurata

Pseudostichopus aleutians
_x_ -x_

—
—

—
— — .

—
—
—

—
—Family Phyllophoridae

PHYLUM UROCHORDATA

Class Ascidiacea

- Clavata
w Oregonia

— —
—
— — — —

—
—
—
—

—
—

—
— —

—
—

—
—
.
—
—

x—
—

—
——

—
—

—
— —

—
—
——

— — —
— — —

—
—
—

—
—

—
— —

———
— — — —

—
—
— — —

—
—
—
—
—
—
—
—
—

—
—

— — — — —
— — — —

—
—
—
—

—
—
—
—
—

— —
—
—
—

— — —
—
—

—
—
—

—
—.
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i@pendix  Table I I C . --Presence (x) or absence of benthic plants and invertebrates
a t  i n t e r t i d a l  sites in the Pribilof I s l a n d s .

— ——

-0c
m,--
UY
l-l

L

3’
s —

—
—

P1-lYLLM CHLOROPtiYTA t
— —

—
—

Family Prasiolaceae
Prasiola sp.
llosenvinqiella polyrhiza

Family blonostrornataceae E

—
—— x-

-I—
—

— —— —
—

— —— —
— ——

x
-I—

K!onostroma  s p .
Monostroma arcticum
~lonostroma fuscum 1=x —

— — —
—

—
— x—

—
Family LJlvaceae

Enteromorpha  sp.—

Family ,4crosiphoniaceae E

—
—

—
—-I— x—

—
—
— 1 , 1-—

—
—

h-
Spon~omorpha  sp. x
~qqomorpha arcta x I

Spongomorpha  mertensii
Spongomorpha  cf. ~. saxatilis x
~pongomorpha spinescens
Urospora sp. x
Urospora mirabilis i L
Urospora wormskioldii x

x
x

x
x

x
x
x

x
x x

+

x
-I—
—

— —
L
1-

—
—

—
—

1= —
— —

1---

—
—

x
Family Cladophoraceae
Cladophora sp.
Cladophora gracilis
Cladophora seriacea
Rhizoclonium .riparium
Lola Iubrica
~/-onium sp.
Rhizoclonium implexum

PHYLUM CRYSOPHYTA

Subphylum 13acillariophyceae
~icmophora  sp.-—
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Appendix Table IIC. --(continued).

—

—
—

x—

=-FFamily Ectocarpaceae
Pvlaiella  Iittoralis Ex

x

—
T-—

—
-i-—

—
—

Family Ralfsiaceae
Ralfsia sp.
Ralfsia fungiformis

— — — —

-x-
—
— T—

— — — — —
Family Chordariaceae
Analipus filiformis x—

t=

— —
—

—
— —

Family  Punctariaceae
blelanosiphon sp. L-- —

— -x-—1= — — —

Family Scytosiphonaceae
Petalonia  fascia
.%ytosiphon  lomentaria

— —
—

—
— -i-—

—
—

/=
x

—
—

-k-

—

7
—
—Family  Lamfnarfaceae

Laminaria  sp.
Laminarfa  groenlandica

t -r
-x-

—
—

E
x

x
x
x

x

Laminaria  longipes x—
—

-z-

—
—

-z-

—
—
—

—
—

-x-
—
—Family Alariaceae

Alaria sp.
Alaria fistulosa
_ taeniata

— —
—

—
— -x-— —

Family Fucaceae
Fucus  S~.
Fucus distichus

—
— 3i-

--r
—

-z- x - —

2=—
—

—
—PHYLUM RHODOPHYTA

Family Bangiaceae
Porphyra sp.

— —

-x-—
—

—

-i-—
—
—
—

— —
—

—
—
—
—

u—
—

—
— —
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Appendix  Table IIC. - - (cont inued) .

T

q-q-=-!Farnl ly G~gartlnaceae
Iridaea sp.
Iridaea cornucopia E

x
x

x

3=x x
x

T -r
-x-

— 1

— — —
Family Endocladiaceae
Gloiopeltis  furcata

=Ex

. —
!

Family Corallinaceae —
—
.

130ssiella cretacea
Corallina sp.
Corallina vancouveriensis
Lithothamnium  sp.

-/—x

x

x

x
x
x

x

— —

‘-ri-
X—
.

1 —

—

, ,

Sub-Family 14elobesioideae
-I--T— —,— ,.

Family Kallymeniaceae
callop~y~lis  cru~tata

Callophyllis flabellulata

I—
—

—
—
— s=—

*x
Family Choreocolacaceae
Flarveyella? sp.

—
—

—
—

—
—

3-xxxFamily Rhodymeniaceae
Halosaccion sp.
lialosaccion  glandiforme
Rhodvmenia  SD.

x
T
-x-—

— 1

‘alrnata x—

=-p=+——

1

r

—

Family Ceramiaceae

x x
x

x

-x-— -’r
-r

Ptilota sp.
Ptilota filicina
NeoDtilota sD.—, —

—
—

—

T
Family Delesseriaceae
Nienburgia sp.

I —
—
—

—
—
—

Family Rhodomelaceae
Polysiphonia  brodiaei
Pt.erosi~honia  bipinnata T—
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Appendix Table IIC. --(continued).

Family Rhodomelaceae - cent’d.
!lhodomela larix
Odonthalia  sp.
Odonthalia  floccosa
Odonthalia  kamschatica F_

PHYLUM ANTHOPHYTA

Family Potamogetonaceae

PHYLUM PORIFERA

Class Demospongiae
Halichondria sp.
Halichondria panicea

PHYLUM CNIDARIA

Class Hydrozoa

Family Haleciidae
Iialecium  sp.

Family Eudendriidae
Eudendrium  sp.
Eudendrium  annulatum

Family Tubulariidae
Tubularia  simplex

Family Campanulinidae

Family Sertulariidae
Sertularia  sp.
Sertularia  albimaris
Abietinaria sp.

Class Anthozoa
Order Actiniaria

*

x
x
x

I

+
x

*

x

=+=

x
x

t

*

1

1
1

I
-L1--J
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Appendix Table lIC. --(continued).

m h-+UI
h-l

-1-

1
PHYLUM PLATYHELMINTHES I

Class Turbellaria ---P-1
1 “Order Polycladida

=
xPHYLI-R4 FU-iYiWl-10COELA (NEPIERTEA)

PHYLUM NEWiTOllA 5=x x

+-=

x

PHYLUM ANNELIllA

=i=
Class Polychaeta

7Family Polynoidae
firct~noe <ittata
Harmothoe jmbricata d=x

x -__!-_5
-L--- =Eii

,—
Family Pholoididae
Pholoides*  (=Peisidice)aspera

+4-
k-Family Clwysopetaliciae

Dysponetus sp. 3=x

*x
Family Phyllodocidae
Anaitides  mucosa
Eteo?le Sp.
Eteone longs
Eu]alia bilineata

=i=x +
x
x
-+-i

*

x

3=Family Syllidae
---i-x-a=
=

x
x
x

~

x
x
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Appendix Table IIC. --(continued).

— —

—

—

—

—

.

— —
.

—
—

—
—Family Syllldae - cent’d. —

-I--
—
—

—
—* :g:imili~

ESWE9emmifera
x- —

—
—
—

—
. — — —

—x— x— x—
—

— —
-E-

—
— — — —

—
—
—

—
—x

1 -
x
-r—
-I-—
—

— — —
fera x

-i-
—— — — —

Sp. — — — ——
x— —

—
— — — —

—
—

— — — ——
Family Nereidae — — -r — —
Nere;s sp.
Nereis  Pelagfca
Nereis  vexlllosa

x
-x-—

x
-z-—

— — — —
—

—
x
T-.

—.
—,.

—
—

—
— —

—
—
—

—
—

—
—
—

—
—

—
—Family Orbfnffdae

Naineris sp.
Nafnerfs quadricuspfda
Naineris laevigata

—
—

—
— x

Y-
x-

-i-
—
—

—
— — —

—
—
— — — —

—
—
—— — —

—
—

-x-
—
—Family Paraonidae

Aricidea sp.
—
—

—
—

—
— —

—
—
—

—
— —— —

-x-
—
—Family Spionidae —

- I -—
—
—

—
—Polydora  sp.

Polydora  quadrflobata
Polydora  quadrfcusp’ida
Spio filicornis
Boccardia sp.
130ccardia natrix

—
—

—
—x—

—
— —

—
—
—

—

-x-
x
-r—

— — —
— — —

—
—
—x

T -—
— — —

—
—

-x-
—
— x

z-— —
—~o;cardia proboscidea — — —

—
—
—
—
—
—
—
—
—
—

— —
—

—

-r—
—
—
—
T—

—

-x-
—

-r
—
—Family Cirratulidae

-x-
-z-

— —
—Cirr~tulus cirratus

Cirratulus sp.
m Sp”

— — —
— —

—-x- — —
—
—
—
—

—
—
—
—
—

—
—
—
—
—

x—
—

T -—

—
—
—
—

—
—
—
—

— —
—
—

—
—
—

—
—
—

Family  Capftellfdae
Capitella capitata
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Appendix Table II C. --(continued).

—

—

—
7“

I

i

I— .I—
TjYTETda~ae L-L —

—{“-i-- —+—-_~.._+__+..-+— —
—

—
— —______  .__, --1-----i ,

!Xv--+--- -&__/___+.--+—
—

—
— -——L—

— .

T

-Y-

— —
—Fa,:, i ;J Pwpharetidae

,4~a~~?li~es s~birica_ . . .. ——-. — —-

F:.~-,i 1; :erebel 1 idae
i .’<: zcsterico~a

~,p “* ,.. --’”~r~s medusa_ . J. . -....——

~an{l!, Sabellidae
c.?drle gr-acilis-....—
~~~one cincta
L;lone Sp..———
?ctafiilla neglects
FS$lla sp.
.knphialena pacifica
~a~ricia sabella.—. .
j~iCf.J’;~S  minuta *
~abriciola berkeleyi T
Fabricia crenicollis—.—

C’ass Oligochaeta

Fmily Enchytraeidae

PtlYLU14 PIOLLUSCA

Class Polyplacophora
Tonicella rubra
Katharina fiata
~zoplax brandtii

Class  Bivalvia
~~uculana pernula
~fi$-,l.a~  e~~~is+-;7,.
—.  ——.——
wj-,:~]\J~  Sp.

. ..-—

— —
— — —

xix
— —

— — —

*
x

I _

+

x
;Xx

—
— — —

-
x
x-rxy--

-’X!X

.3=-1 x
-~xx
:X1X

—
— -1-—

—
—
—zx

xx
x

i—
—

—
— —

—‘sj x ’
,Xx

-,
lxx

–t-X—

--T
—
— —

=Fx—
— =E+-

— —
—

—
— =Ex

x

— —
—

—
— —

3=x
x
x

—
—
—
—

—
—
—

—
I

. .. . . .i. Tf il’J~a =  Fabricia minuta, auctt. (Hobson a n d  B a n s e ,  in p r e s s ) .———,.‘r ‘~pkeleyi = Fabrlcia pacifica, auctt. (Hobson a n d  Banse,  in P r e s s ) ..,. 3



bqui
B

?'2ce6oL
d6

i

L6U
C

O
A

621e6O
Lä6

I

COJJ.26JJ cj C. 24A.iç6
COJfl26J] bsjç
CWg6g wjp.g

I hJIWJIIUJ bi 1IJI1biUOJ1J 
.q2 9YspBM 
2IJn1IF91I e9ir'T6t6M 

e nepn ed ei kgrsM 
6r18)1S2 nr'ToiiiJ 

.qe BflfoiflJ 
6X9fl91 6IIDflODOI8H 

sztsperlBV SflUDSJ 

.q siniv1A 
BDriueFB sfun3 eneI E1upr13 
.aa 61UDfli3 

wwjjg äonjqi
Aol ncpgLbg wbnj j gceg

I1CCJUI1W_p96LJ
ncejj jiw
ncjj cgtJ9jJcnjg.çg

I4I1C6JJg eb
JG6J.g 2b

x

JJg

Appendix Table IIC. --(continued).

I

— — —
tlass Blvalvla - cent

MIISCUILJS  discors
F v~rnicosus

}lIK

7 d .

$
x
x

x

x

—
I-l&----  -

Piusculu- . . . . . .
~ m...
Mvsella SD.

—
—

—
— —

—
—
—x

-x-
-E-

F - —
— —

—
%% t~,rnif+a

t
—

x
x-
x -

— ——
—ton~a o~cidentalis

E

x
Gs glgantea

ct.aminea
Ir x=—”—  -

Turl -----
Saxidom-- ,
Protothaca . . .

—
—

—
— — —

—
-I- —

Hiatella arEIl — — —
— —

Class Gastropod
—

-i-
— —

—

lla

-Ex

+x
— —

—
—
—x

T
-r

I

—

+
x
x

— — —
——

— —
x
x -—
-r

h-
X
x
x

x
x

x

x
x
x

~

— — —
—2=x x

x
x
x

x—

-r —
— — —

—
—
—

‘x-
I -

—
—
—

—
— —

—
—
—x

7i-—

“z-
-z-
x -—

—
—Cingula katharina

—
—

—
— —

—
—
——

—
— —

— —— —
— —

—
—
—
—
—

rosacea k —
—
—

— —
—

380



E
U

dflep

O
fl6L

ijguq
sbnoonjq 26fJ 

2flO'Yt us r ssriommA 2n9o1dq se 
?r 

F25mor1Jn6 mu 1yi 

x

x

Appendix Table IIC. --(continued).

—

—

—

— —
—

—
—

—
— —

—
—
— —

—x- --i-— — —
—

—

-x-
—
—

3x x
x

—— —
—‘amily Halacaridae — —

—
— —

— — —— —
— —— —

— — —— —
-i-
-z

— —— —
—

=1=x
— ——

— — — —
—

— — —
— —— —

—
—
—

I

Class Crustacea — —
—

— —
— — —

-I
-T

—
—Subclass Copepoda

Nebalia sp.
— — —

— — —
—

—

-r
—

-i-d=x x
—

-x —
—Order Harpacticoida — —

— — —
—

—
—

—
—Subclass Cirripedia

Sp.
cariosus
glandula

—
— I— --x-

-Y

—
—Balanus

!3al anus
Balanw

—
— —

— — —
1
-

I

—
—

—

- —
—

—
—P4alacostracaSubclass =Ex —

— —
—

—
—Order Mysidacea

FWsis SD.

x—

--x
—
—

—
ZZliEomjsis grebnitzkii

t I

x x
x x x
x x
x ) I I I

Order Tanaidacea

Family Tanaidae

BOrder Isopoda
‘dotes wosnesenskii-L—
?dotea fewkesi
fiKsD .
Vunna c~ro~atocephala:—

381



Appendix Table  IIC. --(continued).

-m- —

—
—

—

—
—

—

—

—

.

.

.

.

.

.

.
k

[

r
L

—

M

S
— —

Order Amphlpoda

1=

—
—

—
—

—
— — —

—Suborder Gammaridea — — —
—

—
— —

—
—
—

—
—
—

Family Acanthonotozomatidae
Odius carinatus

Family Ampithoidae E
—
— T— — —

— — —
—

—
—

—
—

-r—
—
— -Y-

-z-
Ampi~hoe”sp.
Ampithoe rubricatoides

—
—

—
— — —

—
—
— ——

-r

—
—Familv Callio~iidae — — —

—
—
—Olig;chinus  iighti

Calliopiella pratti
— —

—
—
—— — —

— — — — —
—Family Eusiridae — —

t
—

T

—
— TAcce$omoera vagor

Paramoera  columbiana
Pontogeneia sp.

-r
— —

—k- -x-
— — —

—
—
— —— —

— — —
—

—
—Family Hyalidae — —

—
—
—-rAllorchestes  maleolus

!!$@E!!!&
Parallorchestes ochotensis

Family Ischyroceridae
Ischyrocerus sp.
Ischyrocerus  anguipes
Ischyrocerus tsvetkovae
Jassa pulcella

x

x
x

x

——

-’i-

—

-x- -r
— —

—
—
— —

—
—
—

—
—
—

—

-x-
-x
-r

—
—

—
— —

—
—
— —

—
—
—

—

-i-
—
— —

—
—
— —

—
—
—Family Lysianassidae

@!QYZ Sp.
Orchomene  sp.

—
—

—
—-x-

-x-
-K
T— — —

—
—
— —

—
—
—

—
—

-’T—
—
—
—

—
—
—
—
—

Family Phoxocephalidae —
—

—
—
—
—

—
—
—

—
—

—
—

—
— —

382



E
U

äj42P
?bflJ

12.

oe
ijguq

Appendix  Table IIC. --(continued).

Family P?eustidae
I

x x

x

J

x

x

x
x

x

x

J

Parapleustes  johanseni
Synp?eustes  suberitobius
Stenopleustes  uncigera

Family Stenothoidae

Suborder Caprellidea

Family Caprellidae

x
x

-I-—
—

—
—

x

—
—

—
—

—
— --F

-I-
Capr;lla’sp.
Ca.Rrella  cristibrachium

=+=
5=—

Class Insects

Order Diptera

Order Coleoptera

— —

x-x
1—

—
—
—

I

I

Fami Iy

PHYLUM

PHYLUM

Staphylinidae

SIPUNCIJLIDA

BRYOZOA

x

T—
—

—
—

— —

-r a=Hippothoa  hyalina
Flustrella  gigantea
llendrobeania  murrayana

PHYLUM ECHINODERMATA

Class Asteroidea
Lept.asterias  hexactis
Pisaster ochraceus

Class Echinoidea
Strongylocentrotus

droebachiensis

‘! ,.2,SS Ophiuroidea

=E
— —

=E
.
—

—
—

1

x

— —
—

-T

-x--

—
—
—
—
—

r

I
—

—



jjJ
.u

.J
ab

w
oj

rij
g

oL
G

äo
uj

g
cj

e
ve

ci
.q

i.g
c6

g

HIIIHIIIIIIIIIIHIHIIHIIHIIIHIIH
IHIHHIHHIHHIIHHIHIHHHIHII
HIIIIHIIIIIIHHIIIHIIHIHIIIIIIIII
HIHHIIIHHIHIIIIIIHIIIIIIIIHIHI
IIIIIHIIIIIHIIIHIIHIHIIHuIIIIIII
IIIHHHIIIIIHIIIIHHIIHIHIHIIIII
IIHHIIHIIIHIIIIIIHIHHIIHHIHII
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
iiniinininuiiiiniiiiiiinu:iiuuiHIHIHIHIIIIIHIIHHIIHIHIIIIIIII
IIIIIIIHHIIHIIIIIIIIIIIIIIIIIHIIIH
IIIIHhIHhIIIuIIIuIIHhIIIIIIIIHhIIH
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIIHI

9 4C6O6 I

Lqv COA6;e6OAd6 I

HJ.d Bi 2C6oä6 I-
ELJäJ.!2P 8? 4bflJ 12

O4f6L ajuq

D

i

- 1
@
w

m

H
H
Cl
.

I
I



no
op

zJ
nn

vo
fo

O

jn
io

q
\)

l3
o5

1

x

x

Appendix  Table 1111.--List of the
at i n t e r t i d a l  a n d  subtidal sites

species of benthic  plants and invertebrates
in the Norton Sound Region.
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Appendix  111

Some benthic marine algae from the

Pribilof Islands, Bering Sea:

A Preliminary Annotated List

b y

Natasha I . Calvin
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ABSTRACT

Several collections of seaweeds at the Pribilof Islands were

subt ida l  zone, and one col lect ion was made in  the  in ter t ida l

made in the

zone. T h e

collections yielded 5 species of green algae, 12 species of brown algae, and 38

species of red algae. Thirty species are new records for the Pribilof Is lands,

and of these 6 are new records for the Bering Sea.

New species f r o m  t h e  Pribilof I s l a n d s  a r e : Cladophora hutchinsiae

(Dillw. ) Kutzing, U r o s p o r a  wormskioldii ( M e r t e n s )  R o s e n v i n g e ,  Codium ritteri

Setchell a n d  G a r d n e r ,  Myrionema balticum

( M u e l l e r )  Lamouroux, Cymathere t r i p l i c a t e

Laminaria d e n t i g e r a  Kjellman, L a m i n a r i a

Postels a n d  R u p r e c h t ,  R h o d o c h o r t o n penicilliforme (Kjellman) R o s e n v i n g e ,

(Reinke) Fosl. , Desmarestia viridis

(Postels a n d  Ruprecht) J. Agardh,

y e z o e n s i s  Miyabe, Alaria fistulosa

iNeodilsea americana

Rhoc#ophysema 9!!%E!E

Abbott , Neodilsea i n t e g r a  (Kjellman) Z i n o v al

var. polystromatica ( B a t t e r s )  D i x o n , Cryptonemia

borealis Kylin, Callophyllis  japonica Okamura, Cirrulicarpus gmelini (Grunow)

Tokida a n d  M a s a k i , Kallymenia oblongifructa Setchell, Turnerella m e r t e n s i a n a

(Postels a n d  R u p r e c h t )  Schmitz, R h o d y m e n i a  p e r t u s a  (Postels and Ruprecht)

J. A g a r d h ,  Halosaccion r a m e n t a c e u m  ( L .  )  J .  A g .  f. subsimplex Kjelh’nan,

Pleonosporium k o b a y a s h i i  Okamura, Odonthalia ochotensis (Ruprecht) J .

A g a r d h , P t e r o s i p h o n i a  b i p i n n a t a  (Postels a n d  R u p r e c h t )  Falkenberg  f.

bipinnata, - aleutica W y n n e ,  Phycodrys = G a r d n e r ,  T o k i d a d e n d r o n

ambiqua ( G a r d n e r )  W y n n e , T o k i d a d e n d r o n  bullata ( G a r d n e r )  W y n n e ,  a n d

Zinovaea acanthocarpa Wynne.

New species from the Bering Sea are Neodilsea

balticum, Rhodochorton penicilliforme, Rhodoph ysema

americana, Myrionema

-f Cryptonemia

borealis, and Kallymenia  oblonqifructa.

The most recent reported collection of seaweeds in the Pribilofs  prior to

this study was made in 1897.
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T h e  Pribilof I s l a n d s

6°N and 9°E of Amchitka

INTRODUCTION

lie in the Bering Sea, roughly 57° N, 170”W,  a b o u t

sland of the Aleutian Islands.

W i l l i a m  Setchell (1899) ,  under  the  auspices of  the  U.S.  Commission on

Fur Seals and the Fur Seal Islands, summarized all records of marine algae in

t h e  Pribilofs u p  t o  t h a t  d a t e , i n c l u d i n g  t h o s e  o f  Ruprecht (1851 ), (which

concerned primarily the algae of the Okhotsk Sea, but made some mention of

specimens from the Pribilofs) and Kastalsky, which were summarized by

Postels and Ruprecht (1840). In addition, Setchell’s summary inc luded three

other small collections: o n e  m a d e  a t  h i s  r e q u e s t  i n  1 8 9 5  a t  S t . P a u i  b y

C h a r l e s  N . T o w n s e n d  o f  t h e  U . S . Fish Commission steamer ALBATROSS,

another consisting of three jars of seaweeds collected at St.  Paul Island and

preserved i n  formalin b y  M e s s r s .  Greeley a n d  S n o d g r a s s  i n  t h e  y e a r s

1896-1897 under direction of the Commissioner on Fur Seals and the Fur Seal

!slands, David  Starr  Jordan, and a third containing a few species obtained by

the Alaska Commercial  Company about 1877. A p p a r e n t l y  Setchell never  went

to t h e  Pribilofs h i m s e l f . Setchell’s s u m m a r y i n c l u d e d  4  Chlorophyta,  10

Phaeophyta, and 21  Rhodophyta . Some of  the  a lgae  were  subtidal, h a v i n g

been dredged or found in the drift .

Col lect ion of algae in A l a s k a  h a s  c o n t i n u e d  s p o r a d i c a l l y ,  b u t  n o

col lect ions have been repor ted f rom the  Pribilof Islands since Setchell m a d e

his summary in 1899. The Harriman Alaska Expedition of 1899 and a series of

algae-collecting expeditions sponsored by the University of Brit ish Columbia

under  the  d i rect ion of  Dr . Robert F.  Scagel  between 1959 and 1969 reached

the Aleutian Islands, but did not continue to the Pribilofs.
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Collections made at Amchitka Island in the Aleutians prior to the atomic

bomb tests resulted in some new records and some valuable taxonomic work ,

chiefly that of Wynne (1970) on the Delesseriaceae.

The most comprehensive work on taxonomy and distribution of the Bering

Sea marine algae to date is that of F. R. Kjellman (1889), which, though it

does not include any records from the Pribilofs,  is of inestimable help in

solving the riddles of the algae of that region. The Language Services

Branch, Office of International Fisheries, NMFS, translated this work from

Swedish for purposes of the present study.

Setchell  and Gardner (1903) in their summary of the marine algae of

northwestern America, suggested that the Boreal Region of algal distribution

be divided into an Upper and a Lower Region, with the Aleutian Islands as

boundary ,  po in t ing  out  tha t  many  a lga l  spec ies ,  such  as  Nereocystis

Iuetkeana, which extend up the Pacific Coast, stop at the Aleutian Islands

and do not extend north into the Bering Sea. It is also true that some algal

species which occur in the Bering Sea do not extend south of the Aleutians.

It does appear that the Bering Sea has a distinct flora.

[n August 1975 and June 1976 we had the opportunity to dive at the

Pribilof Islands in conjunction with an intertidal study which was being

conducted by the Auke Bay Laboratory of the National Marine Fisheries

Service, NOAA, and which was related to effects of oil development in the

area.

I n this report I present a preliminary summary of seaweeds collected at

those times. This report does not include information from intertidal

transects.
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In A u g u s t  of 1 9 7 5

ship  SURVEYOR made

METHODS

divers from the Auke Bay Laboratory  and the  NOAA

exploratory dives and species collections at several

sites  o n  S t .

the exception

An in ter t ida l

Paul  Is land, St .  George Is land,  and Ot ter  Is land,  which,  wi th

of some rock outcrops and reefs ,  constitute the Pribilof is lands.

c o l l e c t i o n  w a s  m a d e  a t  Zapadni Bay on St .  George Is land in

August of ‘1975. In  1976  we col lected quadrats  subtidally at various depths

on the :nree is lands. The quadrat method assured collection of many smaller,

inconspicuous species that would otherwise have been missed, provided exact

d e p t h  a n d  s u b s t r a t e  i n f o r m a t i o n  f o r  e a c h  p l a n t ,

whereby divers who were not phycologically  oriented

a n d  p r o v i d e d  a  m e a n s

could assist substantially

w i t h  c o l l e c t i n g . The quadrats were used as a species collection method only,

and  w e r e  p l a c e d s u b j e c t i v e l y  b y  d i v e r s o n  t h e  b a s i s  o f  a p p a r e n t  a l g a l

diversity rather than at any particular depth or substrate.  W e  u s e d  1 / 1 6  m2

quadrats in areas of dense algal cover and 1/4 m 2 quadrats in areas of sparse

cover. T h e  s a m p l e s  w e r e  p r e s e r v e d  i n  formalin and re turned to  the  Auke

Bay Laboratory  for  ident i f icat ion . Several expert taxonomists provided help

wi th  ident i f icat ions (see  Acknowledgements  Sect ion) .

herbar ium of  the  Auke Bay Laboratoryr and n u m b e r s

of some species refer  to  the  Ber ing Sea sect ion  of

Specimens are  in  the

that follow the mention

that collection (B ER).
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SPECIES LIST

CHLOROPHYTA (green algae)

Order ULVALES

Fami I y Monostromataceae

Monostroma fuscum var. splendens  (Ruprecht) Rosenvinge, 1893

In the upper subtidal on the north side of St. George Island, 13 June 1976.

Setchell  ( 1899 )  repor ted  a  la rge  number  o f  spec imens  o f  th is  a19a/ as

Monostroma splendens.

Order CLADOPHORALES

Family Cladophoraceae

Ciadophora  hutchinsiae (Dillw.  ) Kutzing, 1845

This green filamentous  alga was reported from Bering Island (as ~ diffusa)

by Kjellman (7889), but has been reported from Alaska from only one

COI Iection, at Cook Inlet. We found it at Sea Lion Point on St. George Island

at a depth of 10 ft on top of ice-scoured rocks on 9 June 1976.

Spongomorpha duriuscula var. cartilaginea ( Ruprecht) Yamada

On rock in the upper subtidal, north side of St. George Island, 13 June

1976. Sterile. Width of filaments near upper part of plant about 450 p; near

base, 210 p. Branching tends to be not alternate, but rather repeatedly on

the same side. Setchell  and Gardner (1903) report this plant from “St. Paul

Island, Alaska”, presumably in the Pribilofs, as Cladophora  Alaskana.

lJrospora  wormskioldii  (Mertens) Rosenvinge, 1893

Fairly common on upper surfaces of ice-scoured rocks. At

(St. George Island) on 9 June 1976, cover of this alga on

Sea Lion Point

boulder tops at

about 10 ft depth was about 30%. Many were fertile. Specimens from Otter

island  collected 12 June 1976 had zoospores characteristically shaped for this
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species . Prev iously  repor ted range Cal

previously reported from the Pribilofs.

Order CO LDIALES

Family Codiaceae

fornia to  the  Aleut ian slands. Not

Codium  ritteri Setchell a n d  G a r d n e r ,  1 9 0 3

Reported on the basis of field notes only, not collected. Found at Rush Pcint

09 S t . George Is land, West  o f  Zapadni  Bay,  and a t  Zapadni Bay near the seal

observation site. Previous reported range of this plant is northern Southeast

Alaska  to the Aleutians. This is the f irst record from the Pribilof is lands.

PHAEOPHYTA (brown algae)

Order CHORDARIALES

Family Nlyrionemataceae

,Myrionerna  balticum (Reinke) Fosl. ,  1 8 9 4

On a  Laminar ia  stipe in the upper subtidal zone at St.  Paul Island on the east

side of the southwest point reef. Ferti le. Not previously reported north of

California. Determined by Dr.  Susan Loiseaux.

O r d e r  DESMARESTIALES

Family Desmarestiaceae

Desmarest ia  aculeata (?) (Linnaeus)  L a m o u r

We saw occasional heavy patches of this alga on sand at 25 ft  depth off the

north  s ide  of  St .  George Is land. Not cot Iected. This species was reported

f r o m  t h e  Pribi!ofs by Setchell ( 1 8 9 9 ) .

D e s m a r e s t i a  viridis (Mueller) Lamouroux, 1813

We collected a small  specimen at 15 ft  on the southwest reef at Otter Island,

12 June 1976, and noted scattered clumps at Rush Point on St.  George Island
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m 1 5  A u g u s t  1 9 7 6 . This is the first record of this species from the

~ribilofs. Kjellman  does not mention it.

3rder LAM INARIALES

Family Laminariaceae

Agarum cribrosum  Bory, 1 8 2 6

#e noted this plant at several sites at about 20 to 30 ft depth, sometimes

‘orming fairly extensive cover. It was reported in the Pribilofs  by Setchell

[1899)  a s  ~. turneri. His collection included only a fragment of a frond.

Cymathere t r i p l i c a t e  (Postels & Ruprecht) J. Agardh, 1 8 6 7

Both subtidal and lower intertidal: intertidal specimens were still juvenile in

August  1975, and subtidal specimens were not full grown in June. We noted

nany  juveniles in the shallow subtidal at Sea Lion Point, St. George. This

species was previously reported in America only as far  north as the

~ieutians, though Kjellman (1889) reported sterile specimens washed ashore at

3ering Island. This is the first record from the Pribilof Islands.

Laminaria dentigera Kjellman, 1889

Ubiquitous in the shallow subtidal  area. Not reported by Setchell  (1899).

However, the type collection of this species is from Bering Island (Kjellman

1889).

Laminaria longipes  B o r y

Found often in the intertidal and upper subtidal  areas. A 1/16 m2 q u a d r a t

sample  taken at Zapadni Point, St. Paul  Island  at about the O tide level

yielded 89 blades of ~. Iongipes,  totalling 0.68 kg (=10.8/m2)  plus two Alaria

3P. and  two L .  dentiqera. Reported by Setchell  from the collections of—

!4essrs. Greeley  and Snodgrass.
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Laminaria yezoensis

Found in  the  lower

1975. S t e r i l e .  W e

Miyabe, 1902

inter t ida l  a t  Zapadni Bay,  St .  George Is land,  August  15,

a lso  observed a  large  subtidal patch of this plant at Sea

i-ion Point, S t .  G e o r g e . Previously reported in Alaska as far north as t h e

Aleutians. This is the f irst record from the Pribilof Is lands.

Laminaria sp.

At Sea L i o n  p o i n t ,  St+ G e o r g e ,  subtidal. August 14, 1975. Possibly ~.

groenlandica.

Tha!lasiophyllum clathrus (Grnelin) Postels

Of major i m p o r t a n c e  i n  t h e  Pribilofs, t h i s

occurr ing subtidally from about

the bottom in some areas. Repor ted  f rom the  Pribilofs by Setchell.

ariaceae

and Ruprecht, 1840

plant was found at almost every site

10 to 25 ftt and reaching almost 50%

A!aria fistulosa Postels  a n d  Ruprecht, 1 8 4 0

Fcrming floating beds offshore at most sites, this plant shows an aff inity for

the tops of boulders. A specimen collected at Otter Island on 12 June 1 9 7 6

measured as follows: stipe,

cm , weight ,  1

wide. Oddly ,

Alaria s p .

Probably more

.35 kg. Its

Setchell  had

29 cm; total length, 6.5 meters; width of blade 40

fertile sporophylls  measured 30 cm long by 5 cm

no record of this conspicuous plant.

than one species of Alaria other than A. fistulosa  occur both—

i n t e r t i d a l l y  a n d  subtidally on the  is lands. We have specimens from Zapadrti

Bay whose narrow sporophylls had only begun to appear on 15 August  1975 .

Kjel!man r e p o r t e d

(? KN) r e p o r t e d

conlment: “ A  f e w

a profusion of Alaria species from the Bering Sea. Setchell

Alaria praelonga f r o m  t h e  Pribilofs w i t h  t h e  f o l l o w i n g

specimens of an Alaria were collected by Mr. Townsend in
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18?35,  which seem to  be long to  th is  species , a l though they  have a lso  the

:haracters  of ~. angustata,  ~. crisps, and even of ~. Ianceolata;  in fact, it

s very difficult for the writer to determine how these four species differ

essentially from one another. ” The present writer has similar problems.

Family Lessonicaceae

Nereocystis  Iuetkeana  (Mertens) Postels & Ruprecht, 1840

Setchel  [ suggested that this species may occur in the Pribilofs,  so it may be

worth mentioning that we did not see it. I do not believe it occurs north of

LJnimak Pass in the Aleutian Islands.

RHODOPHYTA  (red algae)

Order  BAN GIALES

Family  Bangiaceae

~orphyra pseudolanceolata?  Krishnamurthy,  1972

Intert idal  at  Zapadni  Bay,  St .  George. One specimen is possibly male

[B ERIOI). These specimens have been sent to Dr. Thomas Mumford  for

determination.

3rder NEMALIALES

Fami I y Acrochaetiaceae

~crochaetium  cf. pectinatum

Epiphytic  on an unidentified red alga (possibly Rhodymenia adnata) at 20 ft

depth at St. Paul, 11 June 1976. Tetrasporic. (B ERI16).

Rhodochorton penicilliforme  ( Kjellman)  Rosenvinge, 1893

At Otter Island, southwest reef, 12 June 1976 at 10 ft depth, on worm tubes,

sells are  approximate ly  13 .2  p wide, 33.4 p long . Two tetraspores measured

?8.8 p long by 19.2 p wide, and 24 p long by 24 p wide. Reported in Alaska
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f r o m  n o r t h e r n  S o u t h e a s t  A l a s k a  t o  n o r t h e r n  W a s h i n g t o n .  R e p o r t e d  b y

(188S) f r o m  t h e  A r c t i c  S e a  ( a s  ~. mesocarpum  ~. penicilliformis),

f rom the Ber ing Sea.  This  minute

O r d e r

Family

CRY PTONEMIALES

Dumontiaceae

Neodilseq americana Abbot t ,  1968

T h r e e  -’arts were CO I Iected from

suhtidal . Blade thickness ranged

species would be easy to miss.

Kjellman

but not

t h e  n o r t h  s i d e  o f  S t . George Is land,  a l l

f r o m  1 3 6  P to 210 p. T h e  p l a n t s  are d a r k

reddish brown and adhere  f i rmly  to  the  paper  on dry ing. None are fert i le.

No:  p r e v i o u s l y r e p o r t e d  f r o m  t h e  B e r i n g  S e a . Determined by  I  .  Abbot t .

(’BER 6 1 ,  7“7, 7 8 )

Neodilsea integra (Kjellman) Zinova, 1 9 6 1._—

Th ee p!ants were collected on the north side of St.  George Island on 13 June

‘~g~~. One w a s epiphytic o n t h e  s t i p e o f  Thallasiophyllum.

carposporic. Al l  the  p lants  are  d iv ided severa l  t imes a lmost  to

Thalli 136 ,  153 ,  and 225  p thick (BER 6 2 ,  7 9 ,  8 0 ) .  R e p o r t e d  f r o m

All w e r e

the base.

the Bering

Se2

the

b’, Kjellman ( 1 8 8 9 )  a s  Sarcophyllis arctica. Not previously reported from

Pribilof Islands. Confirmed by 1.  Abbott.

Order CR YPTONEMIALES

Family Weeksiaceae

Constantinea rosa-marina (Gmelin) Postels  &  Ruprecht ,  1840

R e p o r t e d  b y  Setchell from St. Paul in the Pribilofs, th is  red  a lga  occurs  as

far south as southeast Alaska. It was one of the most ubiquitous algae in the

u p p e r

many

subtidal zone at most sites visited, serving as substrate and cover for

nver tebrates  (most  notably  the  terebellid worm, Nicolea  zoster ico la  and
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a snail, Margaritas sp. ). Sometimes almost complete! y covering boulder tops.

Some small specimens were also found intertidally.

Family Peysonelliaceae

Rhodophysema elegans var. polystromatica  (Batters) Dixon, 1964

U p p e r  s u b t i d a l  a t  S t .  P a u l  I s l a n d ,  epiphytic on a Laminaria  stipe. The

previously reported north Pacific limit of this plant is the San Juan Islands,

Washington. Not reported from the Bering Sea. Identified through the

courtesy of Darleen  Masiak and Dr. John West.

Family Coral linaceae

Amphiroa setacea?

Subtidal on the southwest reef of Otter Island,

uncer ta in . Branching ir regular ly pectinate;

conceptacles  o n  b o t h  a x e s  a n d  b r a n c h e s ,  o n e

Crustose coral linaceae

12 June 1976.

intergenicula

to several on

The crustose  coral lines form a heavy cover in many areas

Identification

not winged;

a segment.

in the upper

subtidal zone. Some is extremely heavy and thick, and can be broken off in

chunks. This  type harbors  animals  underneath , such as soft  bodied crabs,

worms, clams, and black echiuroid

Famiiy C r y p t o n e m i a c e a e

Cryptonemia  borealis Kylin, 1925

This delicate red blade was found

sterile. Previously reported from

41, 44, 84).

worms.

at s e v e r a l  s i t e s  o n  S t .  G e o r g e . All w e r e

Puget Sound south to California. (BER 55,
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Family Kallymeniaceae

Callophyllis japonica Okamura

Carposporic  specimens were found on

S e a  L i o n  P o i n t  o n  1 4  A u g u s t  1 9 7 5 .

previously reported from Alaska or the

Callophyllis cristata ( C .

T h i s  nc’’thern s p e c i e s

Washington . Reported

St .  George Is land at  Rush Point  and

This Japanese

eastern Pacific.

spec ies  has  not  been

A g a r d h )  Kuetz, 1849

has been repor ted  f rom the  Ber ing Sea to  nor thern

f r o m  S t . L a w r e n c e  I s l a n d ,  B e r i n g  S e a ,  b y  Kjellman

(1889) as Euthora c r i s t a t a . We found it  ubiquitous in the subtidal zone. Most

of our s p e c i m e n s  c o m e  f r o m  a r o u n d  2 0  f t  d e p t h . We found one carosporic

s p e c i m e n  at Otter Island on 15 August 1975. This is the first record of this

species from the Pribilof Islands.

Ca!lophyilis adnata Okamura 1932—

Found subtidal!y a t  R u s h  P o i n t , St .  George Is land on 15  August  1975.  This

Jspar~ese species has not been previously reported from Alaska or the eastern

Pacific. Confirmed by I . Abbott. (BER

Cirrulicarpus gmelini (Grunow) Tokida &

94)

Masaki, 1954

This

was

zone

red alga has been reported in Alaska only from the Aleutian Islands. It

a  common species  in  the  Pribilofs, occurring both in the low intertidal

at Z.apadni  B a y  a n d  s u b t i d a l l y  a t  s e v e r a l  s i t e s . We found it  on rock,

e p i p h y t i c  o n  Thallasiophyllum stipes, and epizo ic  on tunicates .  P lants  found

i n t e r t i d a l l y  i n A u g u s t  1 9 7 5  w e r e  s t e r i l e , b u t  m a n y  s u b t i d a l  p l a n t s  w e r e

carposporic in June.
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Kallymenia  oblongifructa Setcheil, 1 9 1 2

Found at about

twelve of these

ft depth at St.

v)ere uniformly

thallus, giving

20 ft depth at all three islands. Often gregarious; more than

plants were found in one 1/4 m2 sample quadrat on rock at 21

Paul Island, 10 June 1976. None were fertile. All the plants

covered with fine papillate growths on both sides of the

them the texture of fine sandpaper when dried. Previously

reported from Cook Inlet, Alaska to northern California. Determined by I .

Abbott .

Kallymenia  sp.

One specimen of a Kallymenia bearing some resemblance to ~. reniformis  was

collected 13 June 1976 on the north side of St. George Island. The blade is

dark red and smooth, deeply cleft several times almost to the stipe, and

about 225 to 262 p thick.

Order GIGARTINALES

Family Nemastomataceae

Schizymenia  borealis Abbott 1967

Several small specimens of a plant with gland cells, and which sticks to the

paper on drying, are tentatively placed in this species. Found at about 20 ft

depth.

Family Solieriaceae

Turnerella mertensiana (Postels  & Ruprecht) Schmitz,  1889

This species was fairly common subtidally in both June and August. Two

carposporic specimens were found at St. George Island in June 1976. Not

previously reported from the Pribilofs. Determined by 1. Abbott.
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Family Gigartinaceae

Iridaea cordata ( T u r n e r )  B o r y  v a r .  cordata, 1 8 2 6

One small  specimen bleached and eroding was col lected f rom the  in ter t ida l

zone  a t  Zapadni B a y ,  1 5  A u g u s t  1 9 7 5 . This species was reported from St.

P a u l  I s l a n d  b y  Setchell as Iridaea Iaminarioides f. parvula.

Order RHO DYMENIALES

Family Rhodymeniaceae

R h o d y m e n i a  pertusa (Postels and Ruprecht)  J. Agardh, 1851

F o u n d  o n  t h e  n o r t h w e s t  s i d e  o f  O t t e r  I s l a n d ,  a n d  t h e  n o r t h  s i d e  o f  S t .

G e o r g e  I s l a n d .  Subtidal. N o t  p r e v i o u s l y  r e p o r t e d

Cam!ly  Palmariaceae

from the Pribilof Islands.

~altmaria  palmata f ..—— ——

Found  i n t e r t i d a l l y

(!3ER  7 1 )  a n d  sub

t y p i c a  (Kjellman) Guiry 1 9 7 4

a t  Z a p a d n i  B a y ,  S t .  G e o r g e  sland on 15 A u g u s t  1975,

same date (BER 104, 96).idally at Sea Lion Point on the

Identif ication tentative.

Halosaccion ramentaceum (Linnaeus)  J .  Ag.  f .  subsimplex Kjellman 1 8 8 3

We found severa l  forms which seem referable  to  Halosaccion. A  narrow,

flattened ribbon-l ike form, without proliferations, was found in the intertidal

zone 15 August 1 9 7 5  a t Zapadni Bay. These plants h a d  s t a l k e d

tetrasporangia ( B E R  2 4 ,  9 1 ) . A  s h a l l o w  subtidal f o r m , a lso wi thout

proliferations, s o m e w h a t  r e s e m b l e s  a  y o u n g  Palmaria palmata, particularly in

texture  whi le  f resh. Some of these are widened at the proximal end to 6 cm,

while others  are  more  l inear  wi th  rounded t ips . These plants were found at

10 to 12 f t ,  g r e g a r i o u s , and most have a tendency for the lower half  of the

oiant to n o t  a d h e r e  t o  t h e  p a p e r . This second group is only tentatively

p!~:ed In Halosaccion. Setchell did not report this genus from the Pribilofs.
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Family Ceramiaceae

Pdeoptilota  asplenioides  (Esper) Kylin, 1 9 5 6

Fairly common subtidally. One specimen (BER 127)  bears abundant

carpogonial branches, often on opposite branches (both determinate and

indeterminate) and on the thallus. Reported from St. Paul by Setchell  as

Ptilota  asplenioides.

Pieonosporium  kobayashii  Okamura 1933

Tetrasporic specimens found at Otter Island southwest reef on 12 June

Previously known only from Atka Island in the Aleutians. Confirmed by

Wynne.

Pti Iota serrata Kuetz

1976.

M.J.

Common subtidally on rock or epiphytic. We found a tetrasporic  specimen at

St. George Island near the seal rookery at the west side of Zapadni Bay at 25

ft depth. Reported from St. Paul by Setchell  as Ptilota

An undescribed species in Ceramiaceae:

An alga which has not been described was found in

pecti nata.

the Pribilofs,  scarce.

This species was also found at Amchitka and is presently being considered by

Dr. Michael J. Wynne. It is filamentous  and heavily corticated, and clothed

with fine, uniseriate,  oppositely branched branch lets.

Family Rhodomelaceae

Odonthalia  kamtchatica (Ruprecht) J. A g . ,  1 8 6 3

Found at

I s l a n d  b y

Setchell).

several sites on rock at about .25 ft

Kjellman and at  St .  Paul  Is land by

depth. Reported at Bering

Ruprecht (and reported by
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Odonthalia ochotensis (Ruprecht)  J .  A g .

Two carposporic  specimens were found on 15 August 1975, one at Zapadni Bay

at St.  George, and one at Otter Island (BER 2, 16).  Both specimens were at

a b o u t  2 5  f t  d e p t h . T h i s  s p e c i e s  i s k n o w n  f r o m  J a p a n ;  n o t  p r e v i o u s l y

reported from North America. Determined by M.J. Wynne.

Pterosiphonia bipinnata (Postels & Ruprecht)  Falkenburg f .  bipinnata, 1 8 0 1

Found in the lower intertidal at Zapadni Bay, St. George, and upper subtidal

(12 and 16 ft) a t  Sea L ion Point  and Ot ter  Is land.  Not  prev iously  repor ted

from the  Pribilof I s l a n d s , though i t  has  been repor ted from the Arctic coast

to southern California.

Fami!y  Delesseriaceae

Laingia aleutica Wynne 1970

Known only  f rom the  Aleut ian  Is lands. We found several steri le specimens,

some much eroded, at Sea Lion Point on St. G e o r g e  I s l a n d ,  a n d  at t h e

northwest side of Otter Island. This is the f irst report of this species from

the Pribilofs. Determined by M. J.  Wynne.

Membranoptera spinulosa (Ruprecht)  Zionva, 1 9 6 5

Subtidal, o f t e n  epiphytic. F i r s t  d e s c r i b e d  f r o m  S t .  P a u l  I s l a n d  i n  t h e

Pribilofs, i t  is  a lso  found on the  Ber ing Sea s ide  of  the  Aleut ians,  in  the

Kuril i s l a n d s  a n d  o n  t h e  K a m c h a t k a  P e n i n s u l a  (Wynne 1 9 7 0 ) . We found

tetrasporic  s p e c i m e n s  a t  t h e  n o r t h w e s t  s i d e  o f  O t t e r  I s l a n d  o n  1 6  A u g u s t

1975, a n d  t h e  n o r t h  s i d e  o f  S t . G e o r g e  o n  1 3  J u n e  1 9 7 6 ,  epiphytic on a

Laminaria stipe.
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Mikamiella ruprechtianum (Zinova) Wynne, 1977

We found several specimens of this plant at about 20 to 30 ft depth, on rock,

at northwest Otter Island, on 16 August 1975. The type locality of this

species is St. Paul Island. Determined by M.J. Wynne.

Myroqramme  sp.

A number of small specimens (6 mm to 35 mm length) were collected at 21 ft

on St. Paul Island, 10 June 1976, densely aggregated on worm tubes.

Sterile. (BER 65, 9 0 )

Phycodrys  riggii Gardner, 1927

Many carposporic  and tetrasporic specimens were found subtidally on the

north side of St. George on 13 June 1976, and at Otter Island on 12 June.

Steri le specimens were also found, two of them intertidal at Zapadni Bay, St.

George. Known f rom the  Aleut ian  Is lands to  nor thern  southeast  A laska  as

well  as Japan and the Kamchatka Peninsula; not previously reported from the

Pribilof Islands.

Tokidadendron bullata  (Gardner) Wynne, 1970

Sterile and tetrasporic specimens were found on the north side of St. George

on 13 June 1976. Previously known from Sitka  to the Aleutian Island; also

f o u n d  i n  A s i a  (Sakhalin and the  Kuril  I s l a n d ) . Not reported from the

Pribilofs.

Yendonia crassifolia  (Ruprecht) Kylin, 1935

A common subtidal  alga in the Pribilofs, this species was reported by Setchel!

(as Delesseria  crassifoiia) in all collections available to him. The type locality

of this species is St. Paul Island. We have two specimens from St. George

with new vegetative blades perennating from old, carposporic blades. They

were collected on 13 June 1976. (BER 133, 135).



Zinovaea acanthocarpa Wynne, 1970

We found one small specimen of this unique species at St. George on 13 June

1976 (BER 139). It has been found elsewhere only at Amchitka  island and

Adak I s l a n d  i n  t h e  A l e u t i a n s  ( W y n n e  1 9 7 0 ) . Not  prev iously  found in  the

Pribilofs. Collected by R.J. Ellis.
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SUMMARY STATEMENT

A. Overview

This report includes five major sections under the headings of

are tied together by the appropriate cross-references but

designed to be complete statements of our work in each

organized this report in this way so that those interested

able to find all of the relevant information

appropriate section.

“Cook Inlet”, “Beaufort Sea”, “Norton Sound”, “Effects” and “Weathering”.

These sections

they were each

area. We have

in just one area will be

for that area within the

We understand that people with greatly varying scientific backgrounds

may have use for the information contained in this report. With this in

mind, we have attempted to explain our results and conclusions using

nontechnical terms whenever possible. In order to aid in the understanding

of the text, we have included a glossary of terms at the end of this

report which we hope will be of help to those unfamiliar with some of

the terms used.

We strongly urge all of those using this report to read parts B.1.

and B.2. of the “Discussion” in Section IV. In this section, we have

summarized the role of bacteria in the marine environment and the

importance of microbial function in the overall productivity of marine

ecosystems. Later in the same section, we describe the effects of crude

oil on microbial function as it effects productivity in the marine

environment.
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B. General objectives of our studies

In each geographic area that we have studied, we have measured

various microbial functions related to the overall productivity of the

respective ecosystems. The types of variables that we have studied are

outlined in detail in the main body of this report and will not be

discussed in this section. In addition to collecting these baseline

data, we have studied both long and short-term effects of crude oil and

the dispersant Corexit 9527 on these and other functions. The results

of these studies are presented in Section IV.

c. Relevance of this study to management decisions

Whenever possible, we have tried to relate our findings to management

decisions concerning the production and transport of crude oil. Most of

the statements are presented in part I of each major section. We have

also outlined the potential adverse effects of crude oil on the overall

productivity of Alaskan marine ecosystems in part D of the “Discussion”

in Section IV.

D. Summary of major findings

1. We have found that crude oil alters microbial function in

marine sediments. This altered function will have three major impacts

on normal biological activity. (1) It will reduce overall productivity

by interfering with the normal flow of food through the detrital food

chain. Recent estimates show that 50-80% of food available to all

animals present is ultimately derived from this source. (2) Crude oil

will interfere with the processes that convert the nitrogen and phosphorous

in organic material into inorganic forms which are required for plant

growth. Without these inorganic nutrients, plants can not produce the

new organic material required to feed the animals present. (3) Crude
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oil changes microbial activity in the sediments so that the chemical

environment of the sediment surface is changed. It seems quite likely

that these changes will remain long after the initial crude oil toxicity

has abated. These changes could greatly alter the normal recruitment of

animals back into the impacted area.

2.

which are

a.

b.

c.

d.

e.

f.

g“

h.

i.

j“

3.

crude oil

The specific changes that we have observed in marine sediments

exposed to crude oil are the following:

Reduction in nitrogen fixation and deitrification rates

Reduction in microbial biomass production

Reduced phosphatase activity

Reduced enzymatic activity in those enzymes that hydrolyze

structural polysaccharides.

Increased enzymatic activity in those enzymes that hydrolyze

storage polysaccharides.

Decreased total biomass including bacterial biomass

Increased methane C02 concentrations

Decreased redox potentials and increased surface hydrogen ion

concentrations

Decreased infaunal borrowing

Increased accumulation of detrital material on the sediment

surface

When we studied the effects of various concentrations of fresh

on several of the above functions, it was found that a maximum

effect could be observed at concentrations as low as 1 ppt vjv. These

studies also showed that the most sensitive indicators of fresh crude

oil perturbation were microbial biomass production, nitrogen fixation

and redox potential changes.
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4. When we studied the effects of “weathered” crude oil on the

same processes, we found that nitrogen fixation rates were not affected

but that denitrification rates and microbial biosynthesis were significantly

affected by the presence of “weathered” crude oil. From this we have

concluded that the types and intensity of the effect will depend, in

part, on the composition of the hydrocarbon perturbing the system.

5. The season at which the perturbation occurs is probably much

less important than the qualitative and quantitative characteristics of

the crude oil introduced into the sediments.

6. We also conducted time course experiments which were designed

to establish how long it takes for some of these changes to take place

after fresh crude oil is introduced into the sediments. In many cases,

altered function was observed within the first two days exposure. If

one assumes that it takes 2-3 days for crude oil from a spill to be transported

into the sediments in nearshore environments, it would take a total of

4-5 days from the start of a spill until changes in microbial function

would be observed. This fact should be kept in mind by those concerned

with planning environmental impact studies following an oil spill. If

the initial measurements are not made within the above time frame,

there would be little chance of obtaining information about “prespill”

conditions prior to the onset of changes in response to crude oil perturbation.

7. In our estimation, the most vulnerable environment in Alaskan

marine systems is the soft-fine grained sediments such as those found in

the St. Georges Basin in the southern Bering Sea, Shelikof Strait, and

the major bays of Cook Inlet. These are the regions for which we would

predict the greatest long-term perturbation in the case of a large scale
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oil spill. This would be particularly true in the soft sediments landward

of the barrier islands near the major rivers in the Beaufort Sea.

8. We suspect from the length of exposure time it takes for

microbial function in Beaufort marine sediments to change when perturbed

with crude oil, that these marine sediments would be impacted for a much

longer period of time than in more temperate marine sediments. There is

also indirect evidence that suggests marine organisms depend heavily on

detritus as their major food source during the winter months. If these

assumptions are true, the Beaufort Sea would appear to be particularly

susceptible to crude oil perturbation.

9. In summary, the results of our studies suggest that .every precaution

should be taken to keep crude oil out of marine sediments. In areas where

it is suspected that the detrital food chain in marine sediments is

particularly important to the overall productivity of a region, special

care must be taken to prevent spills from occurring and in the case of an

actual spill, cleanup procedures which would cause the crude oil to be

driven into the sediments should be avoided. This would also hold for

those areas in which susceptible microbial functions are known to be of

particular significance to the overall productivity.

E. Recommendations for future study and planning

We have listed recommended directions for future research under part

VII of each section. These ideas are summarized below.

1. A concerted effort should be made in the area of planning for

a coordinated research effort in the event of a major spill in Alaskan

marine waters. In the “Executive Summary” of The Tsesis Oil Spill final

report, it was concluded that in future environmental impact studies,

a contingency research plan be formulated before an actual spill occurs.
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It was also recommended that funding be identified to support research

in the event of an oil spill. We strongly recommend that OMPA/NO&4

establish such a plan for Alaskan marine environments. This plan should

address the problems of what types of studies should be conducted, sampling

strategies and logistical requirements. We further recommend that the NOAA

laboratory at Kasitsna Bay be seriously considered as the field analytical

laboratory for the initial phases of this work. We would also like to

stress that it would be very important to initiate these studies as soon

as possible after a spill occurs. If changes in microbial function are

to be studied, it would be advantageous if the initial observations could

be made within 5 days of the initial impact. This would allow us to

establish baseline measurements of relatively non-altered function prior

to the onset of anticipated changes.

2. At the present time there is very little information about microbial

processes in Prince William Sound, the Chukchi Sea and the Bering Sea.

There is information which indicates that the detrital food chain in the

St. Georges Basin (southern Bering Sea) could be the main route through

which organic carbon is made available to all marine animals in this

area (Iverson, et al. , 1979). We strongly recommend that studies of key

microbial functions be conducted in the St. Georges Basin so the potential

impact of crude oil on the productivity of this extremely important fishery

could be evaluated. In addition, we recommend that crude oil impact studies

be conducted on sediments collected in this region.

3. Our preliminary work in the Beaufort Sea suggests that inshore regions

may be very susceptible to crude oil perturbation for extended periods of

time. We recommend that studies of crude oil effects be initiated in

regions landward of the barrier islands which are near the major rivers

of the North Slope.
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4. In the last 1.5 years, we have learned a great deal about the impact

of crude oil on microbial function in marine sediments; however, there

are still a number of areas that should be explored. (a) Although we have

made observations that strongly suggest that the detrital food chain is

interrupted by the presence of crude oil , we have not documented this by

direct observations. We suggest that a study be initiated which would

address this problem.(b) At the end of this investigation, we have established

that certain microbial functions are altered by the presence of crude

oil in marine sediments; however , much more information must be collected

before adequate predictive capabilities can be established. What is needed

is a long-term study on the effects of various concentrations of different

crude oil fractions on key microbial processes. This would enable us to

predict the impact of a given oil on these processes under actual spill

conditions. In order to make these predictions, we would require qualitative

and quantitative information about the crude oil content of marine sediments

in the impacted area.
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COOK INLET

Section I

I. Summary of objectives, conclusions, and implications with respect

to OCS oil and gas development.

A. Objectives

The first three cruises (October 1976, April 1977 and November

1977) were designed to produce baseline data on the rates at which

microorganisms utilize and mineralize organic nutrients and the

rates

1977,

above

at which they fix atmospheric nitrogen. During the November

April 1978 and April 1979 cruises, we were to make the

mentioned observations in addition to measuring the short-

term (acute) effects of Cook Inlet crude oil on these processes.

These observations were to be made in coordination with hydrocarbon

chemists to determine

presence of crude oil

were coordinated with

if microbial populations adjusted to the

(April 1978 and 1979). These investigations

the studies conducted by another group of

microbiologists (Atlas RU #29).

In addition to these measurements , we were to collect data on

the abiotic variables of salinity, temperature and the biotic

variables of inorganic nutrient concentrations of NH4+, N03-, and

-3
P04 . These latter variables are mainly microbially controlled.

Our studies were designed to determine when and where the

impact of crude oil would be the greatest in Cook Inlet. Our

conclusions based on the observations made during these five cruises

and other information collected during the existence of RU #190 are

listed below.
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B. Conclusions and Implications

During the course of our studies , we have detern.ined that

crude oil has an adverse short and long-term effects on microbial

processes in both Arctic and sub-Arctic waters and sediments of the

Alaskan Continental Shelf. The dispersant Corexit 9527 was also

observed to have an adverse short-term effect on heterotrophic

activity. The net result of the impact of crude oil is to reduce

overall productivity in the perturbed region. These results are

presented and analyzed in Section IV of this report. What we will

present in this section is a summary of our recommendations relative

to gas and oil development in Cook Inlet using all of the information

available to us from all of our OCSEAP studies to date. In this

discussion, we have also included potential impacts to Shelikof

Strait which is essentially an extension of Cook Inlet.

1. Oil spilled in the Upper Cook Inlet would become associated

with the large concentration of suspended matter in these waters.

The crude oil would then be transported into the sediments of

Kamishak Bay and the Shelikof Strait. (This conclusion stems from

the work of Feeley and Cline on suspended matter in Cook Inlet).

2. Oil spilled in the Lower Cook Inlet would most probably drift

into Kamishak  Bay where it could become incorporated with the

sediments of that region (Miller and Allen, 1976). If crude oil

became dispersed throughout the water column, it could migrate into

the sediments of Shelikof Strait.

3. Our studies have shown that microorganisms within the water

column are initially stressed by the presence of either crude oil
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or the dispersant Corexit 9527. This perturbation would not have

a significant impact on the overall productivity of the affected

area except under certain conditions; i.e. , where crude oil remains

in contact with the water column for an

where crude oil becomes associated with

water column.

4. The major impact would undoubtedly

extended period of time or

suspended matter in the

occur in cases where the

oil became incorporated into the sediments. We strongly recommend

any procedures which would prevent crude oil from becoming in-

corporated into the sediments.— — Conversely, any procedures used

in crude oil production and transport or in crude oil spill control

which increases the chances of crude oil becoming incorporated into

the sediments should

5. The presence of

adversely affect the

in several ways. We

be avoided,.

crude oil in Alaskan marine sediments will

overall productivity of the impacted region

have shown that crude oil reduces the rate at

which bacteria mineralize organic nutrients by over 50% under

certain conditions. This reduces the rate at which inorganic

nutrients (nitrogen, phosphorous, and sulfur) are released from

organic matter. This could, in turn, reduce primary productivity

rates. It also greatly reduces the rate at which atmospheric

nitrogen is fixed in a form that can be used by all organisms. In

addition, crude oil appears to interfere with the transfer of

organic nutrients from bacteria to the balance of the detrital food

chain.

6. The long-term impact of crude oil perturbation will be much

greater in soft sediments than in the water column or long high-
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energy coastlines. The concentration of crude oil in marine sediments

required to produce measurable alterations in microbial function

will be 1 ppt or less.

7. In our judgement, the areas where crude oil would have the

greatest impact would be in Kachemak  Bay. Impacts on Kamishak Bay

and Shelikof Strait would be of lesser but still significant importance.

8. Since the impact of crude oil in marine sediments probably

remains for several years, the season during which a spill occurs

is probably of little direct importance to the severity of the

impact. There could be secondary effects such as the frequency of

storms which would tend to drive crude oil into the sediments.

II. Study areas

We conducted one cruise in the North East Gulf of Alaska (NEGOA).

The stations at which samples were collected are shown in Fig. 1.

During the course of our Cook Inlet studies, we have participated in

five major cruises: October 1976, April 1977, November 1977, April 1978

and April 1979 . The stations at which samples were collected are

illustrated in Figures 2-8. During the first cruise, 37 water and 12

sediment samples were collected; during the second, 44 water and 12

sediment samples were collected; during the third, 60 water and 20

sediment samples were collected; during the fourth cruise, 83 water and

30 sediment samples were collected; and during the last cruise, 49 water

and 14 sediments were collected.

III. Methods

A. Sampling procedures

The water samples were taken in sterile Niskin plastic water

sample bags fitted on Niskin “butterfly” water samplers. In most
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cases, water samples were taken within one meter of the surface.

Once the water sample was taken , it was placed in an Ice chest for

storage and transported back to the laboratory for analysis. The

analyses of microbial activity were initiated within two hours

after sampling was terminated. During transport and storage, the

samples were kept at or below the in situ temperature..—

The majority of the sediment samples in the earlier cruises

were taken with a Sutar-Van  Veen bottom grab with some samples

taken with a Shipek grab in coarse sediments. During the last two

2
cruises, most of the sediments were taken from a one m box corer.

When practical, the top 2 cm were collected for use. The sediments

that were collected from a small boat’ near shore, were sampled

using a Kahl

used to make

mud snapper. Water associated with the sample was

a sediment

B. Relative microbial

determinations.

The procedure used

slurry for use in the subsequent

activity

in these

and percent respiration

studies involved adding

analysis.

(mineralization)

14C
a U-

compound to replicate 10 ml subsamples  which were contained in 50

ml serum bottles, After addition of subsamples, the serum bottles

were sealed with rubber serum bottle caps fitted with plastic rod

and cup assemblies (Kontes Glass Co., Vineland, M. J: K-882320)

containing 25 x 50 mm strips of fluted Whatman #1 chromatography

paper. In the sediment samples, a 10.0 ml subsample  was diluted

1,000 times (v/v) with a 32 o/oo (w/v) solution of sterile artificial

seawater. Ten ml subsamples  of the sediment slurry were dried and

weighed to determine the dry weights. These dry weights were used

to calculate the observed uptake rates in terms of grams dry weight

of sediment.
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The samples were incubated in the dark within 0.5 C of the in—

situ temperature. After the incubation period, the bottles were

injected through the septum with 0.2 ml of 5N H2S04 in order to

stop the reaction and release the 14C02 . After the addition of the

acid, 0.15 ml of the C02 adsorbent, f3-phenethylamine, was injected

onto the filter paper. The serum bottles were then shaken on a

rotary shaker at 200 rpm for at least 45 minutes at room temperature

to facilitate the adsorption of C02. The filter papers containing

the ‘4C02 were removed from the cup assemblies and added to scintillation

vials containing 10 ml of toluene based scintillation fluor (Omifluor,

New England Nuclear).

The subsamples  were filtered through a 0.45 pm membrane filter

(Millipore). The trapped cells on the filter were washed with

three 10 ml portions of seawater at O-3 C. The filters were dried

and then added to scintillation vials containing 10 ml of the above

mentioned fluor. The vials were counted in a Beckman model LS-1OO

liquid scintillation counter located in our laboratory at Oregon

State University.

During these studies, C
14 labeled glucose with specific activity

of approximately 300 mCi/mM and a final concentration of about 4 pg/liter

was used in sediment samples and glutamic acid with a specific

activity of about 230 mCi/mM and a final concentration of about 5.5

pg/liter was used in water samples.

Triplicate subsamples  were analyzed for each sample. The

channels ratio method for determining counting efficiencies was

used. The observed CPM was converted to DPM before the mean value

was calculated. The percent respiration (mineralization) was
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calculated by dividing the amount of labeled carbon taken up by the

cells (both cell and C09 radioactivity) and multiplying this ratio

by 100. All

within 0.5 C

L

samples were incubated in the dark at a temperature

of the in situ temperature.——

c. Heterotrophic potential studies

The technique used in these studies were basically those of

Hobbie and Crawford (1969) as further modified by Harrison, Wright,

and Morita (1971). This procedure involves the addition of different

14concentrations of U- C labeled substrate to identical subsamples.

The procedures used to process the samples was identical to that

described above, The only difference in these two methods is in

the number of substrate concentrations used. In the first method,

only one substrate concentration is used, in this method, four

concentrations were used for each sample. Comparison of these two

techniques was made by us (Griffiths et al., 1977) and it was con-

cluded that both could be used to measure relative microbial activity.

Kinetic parameters were calculated using the following modification

Lineweaver-Burk equation:

cut Kt+Sn+ A
—= —
c v v=

max
14

where c = radioactivity assimilated plus that respired as C02 by the

heterotrophic population in disintegrations/min; S = the naturaln

substrate concentration in ug/liter; A = the added substrate in

2,2 x 106 dpm/pCi of
14C; ~ 14

pg/liter; C = = amount of C labeled substrate

added/sample bottle; t = incubation time in hours; V = the maximum veloc
ma%

-1
ty of uptake in Bg x liter x h

-1
; and Kt = the transport constant

in pg/liter. From this equation can also be calculated the time
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(Tt) in

utilize

of this

hours required by the natural microbial population to

the natural substrate in seawater sample. For the derivation

equation and the assumptions on which it is based, see

Wright and Hobbie (1966).

D. Direct Cell Counts

Ten ml of seawater was fixed in the field laboratory by adding

it to 1.0 ml of membrane (0.45 urn) filtered formaldehyde (37%).

The vials containing the fixed water samples were sealed and stored

until they could be counted in our laboratory at Oregon State

University. In the sediment studies, the final dilution of the

sediments in the heterotrophic potential studies was used and

treated the same as the

From 5 to 17 ml of

Nuclepore filter. When

seawater samples.

sample were filtered through a 0.2 Mm

a relatively high number of organisms was

present, the samples were diluted with membrane filtered artificial

seawater. The number of organisms per field was kept within countable

limits and the volume filtered was kept above 5 ml. Controls were

run using filtered artificial seawater with all of the reagents

used in the staining and mounting procedure. These counts were not 1

more than 5% of the those found in the samples and were considered

insignificant.

The staining procedure used was that of Zimmerman and Meyer-

Reil (1974). This procedure involves staining the cells trapped on

the membrane filter with acridine orange and then destaining with

isopropyl alcohol. The membranes were dried and mounts on micro-

scopic slides with a mounting medium of cinnamaldehyde and eugenol

(2:1).
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The bacterial cells were counted using a Zeiss IV F1 epi.-

fluorescence condenser microscope with filCers KP 500, KP 490,

FT 150, and LB 520. The eyepiece was used KpT  W 12.5 x and the

objective was plan 100 x. Approximately 50 restriction fields were

counted per sample. Representative fields were counted from the

center of

circle.

only

the membrane filter to the outside edge of the filtration

bodies with distinct fluorescence (either orange or

green), clear outline and recognizable bacterial shape were counted

as being bacterial cells.

E. Nitrogen fixation in sediments

Nitrogen fixation in the sediments

by using the acetylene reduction method

ml subsamples of sediment were added to

bottles: one control and two duplicate

was determined in the field

(Stewart et al, 1967). Ten——

respective 50 ml serum

samples were used for each

analysis. After the bottles were sealed with a rubber stopper, the

samples were gassed for one minute with helium at a flow rate of 10

cc/see. Ten ml of acetylene was then added to each bottle and the

bottles were allowed to incubate for 24 hr before being terminated

with one ml of saturated HgC12 solution. The controls were treated

in the same way before incubation and were used to determine the

amount of ethylene that was released abiotically. After the incubation

was terminated, the tops of the rubber stoppers were sealed with

silicone cement. The bottles

could be assayed for ethylene

University. The analysis for

were kept at or below 4 C until they

in our laboratory at Oregon State

ethylene was made on a Hewlett Packard
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model 5830A gas chromatography. The column used was 1.9 meter of

1/8” stainless steel tubing packed with Porapak R (8J-1OO mesh) and

the column temperature was 40 C. The carrier gas was nitrogen

flowing at a rate of 29 cc/rein. The resulting levels of ethylene

were normalized using incubation times and gram dry weight conversions.

All rates were calculated in terms of ng nitrogen fixed per gram

dry weight of sediment per hour using a factor of 0.33 to convere

the amount of ethylene measured to the theoretical amount of nitrogen

fixed.

F. Nutrient analysis

1, Water sample nutrients

a. Frozen samples were thawed in a warm water bath and then

aspirated into a four channel Technicon  Autoanalyzer system. The

samples were subdivided with a stream divider into four sample flows

which were used to analyze ammonia, phosphate, nitrate and nitrite

concentrations.

b. The total concentrations of nitrate and nitrite were determined

following the procedures of Callaway et al. (1972). The following

flow modifications were made to this procedure: sample, 0.8 cc/rein;

DDW diluture, 1.2 cc/rein; ammonium chloride, 1.0 cc/rein; sulfanilamide$

0.1 ccfmin; N-l-naphylethylene 0.1 cc/rein. The debubbler before

the cadmium column is pumped out of the system (1.0 cc/rein) with

the remaining water forced through the cadmium column.

c. The nitrite concentration was determined using the same chemistry

as the above analysis except there is no ammonium chloride, cadmium

column, DDW diluter, or first air bubble. A 2.3 cm cc/rein sample

tube was used.
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d. The phosphate

method of Calloway

concentration

et al. (1972)

determinations were made using the

without modification.

e.

Head

2.

a.

then

b.

The ammonium ion concentration was made using the technique of

(1971).

Sediment samples

Sediment samples were thawed in a warm water bath, mixed and

centrifuged for 30 min at O“C and 8000 x g.

Five to fifteen ml of the supernatant  was removed and used in

the nutrient analysis. Approximately 20 ml of the diluted sediment

water was placed into quartz tubes with 0.3 ml of H202. These

samples were then treated with UV light for 4 hours.

c. Soluble oxidizable nitrogen was determined as nitrate on the

Auto-analyzer. The remainder of the diluted sediment water was

diluted further for the ammonia determination.

d. When H2S was present, approximately 0.15 ml of a 2% CuS04

solution was added to remove sulfide ions from solution which would

interfere with the nutrient assays.

e. The total carbon content of the sediment was determined by the

following procedure. A subsample of the sediment was treated with

HC1 to remove all traces of inorganic carbon. The sediment was

centrifuged and the supematant removed. The sediment

and combusted using the technique of Pella and Columbo

G. Statistical analysis

Differences in sampling and treatment mean values

was dried

(1973) .

were analyzed

using Student’s “T” test. Unless otherwise stated, a critical

value of P<O.05 was used to define a “significant” difference.
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IV.

Linear relationships were analyzed using the “least-squares”

technique for regression and the “product-moment” i..chnique for

correlation coefficient.

Results

A. Gulf Of Alaska (NEGOA)

In March, 1976, we participated in an oceanographic cruise on

board the NOAA ship Discoverer. Twenty-seven water and twenty

sediment samples were taken at the stations shown in Figure 1. The

kinetics of glutamic acid uptake were measured along with percent

respiration and bacterial concentrations in both water and sediment

samples (Table 1). From the kinetic data we were able to calculate

the maximum potential rate of substrate uptake (Vmx) which, in

turn, can be used as an index of relative microbial activity. In

-1 ~ h-l
the water samples, the mean Vmx value was 1.4 ng x 1

which was approximately 1/2 of the mean value observed one month

later in Beaufort Sea waters (Table 1) and much lower than that

observed in Beaufort summer water samples. The mean Vmax value

observed in the sediments however was much higher than any Vmax

means that were observed in Beaufort Sea or in the Cook Inlet.

This unusually high activity was not however reflected in an unusually

high bacterial concentration. In fact, the mean bacterial concentration

in NEGOA was only 50% higher than that observed in the winter

Beaufort Sea sediments even though the relative microbial activity

was almost 100 times as high.

There were no significant geographical patterns observed for

relative microbial activity in the NEGOA water samples; however,
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Table 1. Data summary of the average values  measured during 1975-1976 field studies. (*) Average valuea
excluded: a value which we consider more typical.

Beaufort  Sea Beaufort Sea Beaufort Sea
Sumner 1975 Winter 1976 Summer 1976

calculated with one exa~le

Lower Cook Inlet Gulf of Alaaka
Fall 1976 Winter 1976

Factor Units Ave. Ran ge Ave. Range Ave. Range Ave. Range Ave. Range

vmax
(Offshore water)

vmax
(beach water)

v -1x 10
(%imenta)

Percent Respiration
(water)

Percent Respiration
(sediments)

Number of bacteria x 105

(seawater)

Number of bacteria x 108

(aedimenta)

Sample temperature
(surface water)

Sample salinity
(surface water)

ngfliterfhr

ngfliterlhr

ug/g dry ut/h

%

x

cells/ml

cellalg dry wt

“C

0100

40

5.2

59

43

4.5

6.3

1.2

20.5

4 to llB 3.1

--

0.2 to 17 0.5

44 tO 76 85

32 to 71 45

0.1 to 11.9 1.5

0.1 to 41.1 10

-0.8 to 3.2 -1.9

9.0 to 26.5 24

0.2 to 14

0.04 to 1.8

52 to 100

35 tO 87

0.8 to 2.7

0,5 to 19

-2.0 to -1.5

17 to 29

21

6.9

46

28

3.7

106

0.3

12.3

0.4 to 85

0.2 to 64

20 to 59

14 to 35

1.6 to 2.7

24 to 267

-1.3 to J.8

28 0.2 to 405
(9. 3)*

84 0.7 to 404

7.1 0.2 to 63
(2.0)*

58 40 to 78

46 38 to 53

4.2 0.2 to 16.5

41 4 to 130

8.3 -1.5 to 12

5.1 to 20.5 23.B 20.5 to 27.5

1.4

63.0

45

72

44

1.9

15

3.8

31.9

0.3 to 3.4

9.7 to 113

2 to 103

53 to 93

30 to 72

1.2 to 2.7

0.1 to 31

2.0 to 5.0

30.7 to
35.5



there was a pattern of relative microbial activity in the sediments

that corresponded to areas of high concentrations of detritus

feeding benthic organisms (H. Feder, personal communication).

B. Cook Inlet

Between October 1976 and April 1979, we participated in five

major cruises in the Cook Inlet. The first three taken in October

1976, April 1977 and November 1977 were designed primarily as a

means of collecting baseline information on microbial function in

this area. The remaining two cruises in April 1978 and 1979 were

designed as coordinated study to be conducted with chemical oceano-

graphers.

1. Relative microbial activity and respiration percentages in

water.

a. Relative microbial activity was, on the average, lower in the

waters collected during the November 1977 cruise and higher in the

April 1979 waters than samples collected during any of the other

cruises (Table 2). Both glucose and glutamic acid uptake rates

(relative microbial activity) were significantly higher (p<O.05) in

water samples collected in April 1979 than at any other time. The

differences between the mean relative microbial activity values

observed during the November 1977 cruise and the April 1978 and

1979 cruises were statistically significant but the differences

between the mean observed during the November 1977 cruise and the

other two cruises were not. The ratio of glucose to glutamic acid

uptake was highest in the April 1978 and 1979 water samples. The

differences seen in the mean percent respiration ratios were not

statistically significant.

453



Table 2. Relative microbial activity of Cook Inlet waters, excluding Homer Boat Basin and Shelikof Strait.

Oct. 1976 Apr. 1977 Nov. 1977 Apr. 1978 Apr. 1979

Activity Units G range x range x range x range ; range

Glutamate uptake ng/1/hr 8.0 0.2-53 9.7 0.5-665 5.3 0.4-61 7.3 0.1-75 18.9 0.8-58
(T)

Glucose uptake ng/1/hr 3.0 0.2-33 1.6 0.2-12 0.8 0.2-6.6 4.5 0.1-20 11.9 0.7-72
(s)

Ratio S/T 0.38 0.16 0.15 0.62 0.63

Glutamate % 58 40-78 48 27-70 55 32-70 50 32-71 54 35-70
Respiration

Glucose % 28 10-84 41 5-45 31 14-89 29 14-53 35 13-48
Respiration

s
* ,.



b. A series of experiments were conducted which were designed to

determine if the waters near the beach (in the surf zone) showed

higher relative microbial activities than those observed further

off-shore (10 meters off-shore from the surf zone). In every case

where this was measured in Cook Inlet and in the Gulf of Alaska,

the relative microbial activity was highest in the surf zone.

c. With the exception of the April 1979 cruise, patterns of

relative microbial activity were similar in all Cook Inlet cruises.

These patterns reflect differences in the microbial communities

associated with the major water masses in this region. These wzter

masses are roughly defined by surface water salinities. These

patterns are best illustrated in the data collected during the

April and November 1977 cru%ses (Fig. 9). There are essentially

two major water masses in Cook Inlet. One is open ocean water

which is characterized by the higher salinities found in the south-

eastern portion of the Inlet. The other water mass originating

from the Upper Cook Inlet, is characterized by relatively low

salinities.

As shown in Figure 10, the relative microbial activities in

the northern waters are highest observed in this regions  the lowest

values were observed to the south and east of the inlet and in open

ocean waters. Intermediate values were observed in samples collected

along the western side of the inlet. These measurements and the

respiration percentages listed below were determined using labeled

glutamic acid.

Consistent respiration percentage patterns were also seen when

the results of the data collected were compared from various
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cruises (Fig. 11). The values in the area near Kalgin Island and

Tuxedni Bay are very low ranging from 31 to 40%. Contours of

increasing values run in lines which run diagonally from the north-

east to the southwest. Intermediate values are found along these

contours in the center of the inlet and the highest values are

found in the southeastern portion of the inlet and in the open

seawater.

During the April 1979 cruise, the levels of relative microbial

activity were unusually high (Table 2).

seemed to mask the patterns of microbial

in the past cruises. We interpret these

These high activity levels

activity that we had seen

high values as being a

response by the microbial population to a spring phytoplankton

bloom. This phenomenon altered patterns of relative microbial

activity more

2. Relative

sediments.

Both the

than it did respiration percentages.

microbial activity

relative microbial

and respiration percentages in

activity and respiration percentages

observed in the sediments collected during all five cruises showed

little variation regardless of the season in which they were sampled

(Table 3). In general, the highest rates of microbial activity

were observed in the major bays within the Inlet. These values

were consistently higher than those observed in the Shelikof Strait.

These geographical patterns were best illustrated during the April

and November 1977 cruises when the most comprehensive sediment

sampling took place (Figs. 12 and 13).

3. Nitrogen fixation rates in sediments.

With the exception of the October, 1976 cruise, measurable

nitrogen fixation rates were observed in sediments collected during
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Table 3. Relative microbial activity of Cook Inlet sediments, excluding Shelikof Strait.

Activity Units

Glut. uptake ng/g/hr

Glucose uptake ng/g/hr

Glut. Resp, %

Glucose Resp. %

Oct. 1976

f range

131 30-360

3.3 0.9-7 .1

46 38-53

28 20-43

Apr. 1977
I

Nov. 1977 Apr. 1978

f range Y range Y range

240 80-370 103 20-252 131 10-600

8.3 2-18.4 6.1 0.7-23.3 6.5 0.3-38.4

39 40-49 49 43-57 46 31-61

23 16-36 22 13-40 26 10-33

Apr. 1979

i? range

208 72-550

5.2 0.9-17.8

46 39-51

22 14-28
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all of the Cook Inlet cruises. There were differences observed in

the mean rates; but when nitrogen fixation rates ~;ti compared on a

station to station basis~ there was no statistical significance in

these differences (Table 4). During three of these cruises (11/77,

4/78, 4/79), there were enough samples taken in the Shelikof Strait

so that a valid comparison could be made between sediment nitrogen

fixation rates observed there and rates observed in the Cook Inlet

(Table 4). In all three cases, the mean values observed in the

Shelikof Strait were higher than those observed in the Cook Inlet.

In two of these studies, the difference was significant at the

p<O.05 level. The differences observed in Shelikof Strait nitrogen

fixation rates between cruises were noe statistically significance.

The mean values for nitrogen fixation observed during both the

Beaufort Sea cruises and the Norton Sound cruise were significantly

lower than those observed in the Shelikof Strait (Table 4.). In

addition to the higher values observed in the Shelikof Strait,

there were consistently high values observed in Kachemak Bay within

Cook Inlet. These geographical trends are best illustrated in the

November 1977 data shown in Figure 14.

c. Data storage

All of the cruise data is currently being stored at NIH under

the direction of Dr. Krichevsky, RU #s 391 and 371. This file

contains information on station location, salinity, temperature,

cell concentrations, uptake rates with and without crude oil,

respiration percentages with and without crude oil, nitrogen fixation

rates with and without oil, and all inorganic nutrient data for
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Table 4. Nitrogen fixation

APr .

1
rates in field station sediments 1977-1979.

Nov. A p r . Apr. Sep. Aug. Jul.
1977 1977 1978 1979 1977 1978 1979

Cook i 0.23 0.46 0.31 0.06

Inlet2 range 0-0.52 0.05-1.70 0.10-0.90 o-o* 14

Shelikof
z 1.3 0.51 0 . 6 8

Strait range 0.3-4.4 0.30-1.10 0.45-0.95

Beaufort
x 0.10 0.20

Sea range 0.02-0.21 0-1.40
—

Norton
E 0.22

Sound range 0-0.88

lrates expressed as ng N fixed/g dry
2excluding Shelikof  Strait and Homer

weight sediment/hr.

boat basin.
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water and sediment samples. The data collected for each cruise are

located in a different file. The file numbers for the Cook Inlet

cruises are as follows:

Sample # series

October 1976 GW/B 300

April 1977 GW/B 400

November 1977 GW/B 500

April 1978 GW/B 600

April 1979 GW/B 800

File #

237

254

259

306

260

,.:.
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v. Discussion

‘i. Relative microbial activity and percent respiz=cion (mineralization).

1. Comparison between activities in sediments and the overlying

water columns.

a. Our studies have shown that in regions where there are fine-

grained sediments and the water column is relatively shallow, a

vast majority of the microbial activity for the whole system resides

in the sediments. As a result of our summer 197S 3eaufort Sea

study, we concluded that in the shallow waters behind the barrier

islands, where the average water depth at the sample locations was

3 meters, the relative microbial activity in the sediments w-as 4C0

times that found in the overlying column (see Section 11). During

the Beaufort  1975 study the ratio of the uptake races in sedimeats/water

was 14. This was computed by comparing uptake per liter of seawater

with uptake per g dry wt of sedinent. h%en the mean values

for water and sediment uptake in the Cook Inlet are compared in the

same way, the rati~ is 16. Thus the relative importance of microbial

activity in sediments compared

same in the Cook Inlet as that

course the mes.n water depth in

to the water column is about the

observed in the Beaufort Sea. Of

Cook Inlet is greater than 3 meters.

A more realistic figure would be 30 meters. Even at that depth,

the microbial activity in the sediments should be at least 40 times

greater than that in the overlying water column in areas where

there are fine grained sediments.

b. Another difference chat was observed between pelagic and

benchic nicrobial function was the percent respiration values.
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In all Cook inlet field studies, the mean values for both glucose

and glutamic  acid percent respiration in sediments were equal to or

less than those observed in the water samples. The sane phenomenon

has been observed during our Beaufort Sea studies (see Section II).

It is felt that this reflects a qualitative difference in the

nutrients available to the microorganisms in these two environments.

When the percent respiration is low, a greater proportion of the

nutrients taken into the cells are being converted into new microbial

biomass. This usually occurs when most of the essential growth

factors are available to the organisms. This concept will be

explained in greater detail later in this report.

c. The Cook Inlet studies have also shown that the level of

suspended matter in the water column is also an important feature

of the pelagic microbial environment. The comparison between

relative microbial activity in offshore (10 meters from the surf

zone) and surf zone waters have shown greater activiey in the

latter. This is undoubtedly due to the increased suspended matter

load in the surf zone sediments with its associated microbial

populations. A more direct connection between suspended particulate

and relative microbial activity was observed in the waters of the

Upper Cook Inlet. During two cruises, a comparison between relative

microbial activity and water turbidity showed these two variables

to be highly correlated (correlation coefficients of 0.87 and

0.89]. It is quite possible that in high energy environments like

those present in the Upper Cook Inlet, the most important locus of

microbial activity may be in the water column instead of the sediments.
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On the occasions that we have measured relative microbial activity

in the sandy sediments of high tidal energy envizoz...ents,  we have

found them to produce very low levels of microbial activity. This

is opposite of what we have observed in low energy regions where

fine grained sediments are found. The itnplications  of these conclusions

will be discussed below.

2. Seasonal differences

a. Unfortunately, all of the five Cook Inlet cruises in which we

participated took place either in the spring during the month of

April or in the late fall (October and November). Thus , the data

generated from these cruises represent only two seasons making

interpretation of seasonal variations very difficult (data was not

available for the seasons of greatest extremes). In February

1979, we initiated a series of studies at a field station in Cook

Inlet (Kasitsna  Bay). Although our main purpose was to study the

effects of crude oil on microbial processes, we did collect data on

a large number of sediment and water samples at various times of

the year. These data are reported in greater detail in Section N.

In sununary,  we found that microbial activity in the water column

was highest in April after (or in association with) the spring

diatom bloom and it was lowest in February. The microbial activity

in the sediments showed much greater seasonal stability. The

highest values were observed in August and the lowest in October

and April.

b. Another interesting aspect of these studies was the fact that

the ratio of glucose uptake to glutamic acid uptake changed seasonally.

Glucose uptake was proportionately greater in pelagic populations
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during the time when there was greatest phytoplankton activity.

This suggests that the microbial population was adjusting to the

presence of organic nutrients released by the phytoplankton during

periods of high primary productivity. Similar relationships have

been suggested by Gillespie et al. (1976) and by Albright  (1977).

co With the data available from the Kasitsna Bay studies, it is

possible to put the values of microbial activity which were observed

during the Cook Inlet cruises in perspective. The glucose uptake

rates and the ratios of glucose to glutamic acid uptake observed in

the October, November and April 1977 cruises were taken under

conditions that were closer to that expected under “winter” conditions.

The April 1978 cruise was conducted at a time when the spring

phytoplankton bloom was just beginning and the April 1979 cruise

was conducted when the spring phytopl.ankton  bloom was probably near

its peak (at Kasitsna  Bay, the diatom bloom had begun at least 4

weeks before the cruise began). During this cruise, we observed

microbial activity patterns which did not fit those that had been

observed during any other cruise. There were spikes of very high

activity throughout the Cook Inlet and Shelikof Strait. This

indicated that there was a great deal of patchiness in the occurrence

of these blooms. This is consistent with the data reported by Dr.

Larrance  in his final report for RU #425 (Annual Reports of Principal

Investigators for the Year ending March, 1977. VOI 10:1-136).

3. Geographical differences

a. As was mentioned in the Results section, consistent trends in

surface water relative microbial activity and percent respiration

patterns were observed. The resulting patterns, when interpreted
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in light of what is known about the hydrography and chemistry of

the region, produce an overall picture of the dynam!-s of the

system which will assist those in government and industry in making

a more accurate assessment of the potential problems related to

crude oil production in Cook Inlet.

A discussion of the conclusions drawn from these data as well

as the facts and assumptions on which these were based have already

been mentioned in section I.B of Section I. An analysis of these

data have also been submitted for publication (Griffiths et al.,

1980d) . The following is an amplification of the data presented in

that section.

There are two distinct water masses present in Cook Inlet; one

to the north that is very turbid and of relatively low salinity and

one to the south and southeast which is more typical of open ocean

water. We have found that both of these water masses have characteristic

patterns of microbial activity and respiration. Glutamic acid

uptake studies in surface waters have shown that the relative

microbial activity is very high and the respiration percentages are

very low in the northern water mass. The reverse pattern is seen

in the water mass to the south. Intermediate values were observed

in regions where these two water masses meet in the area to the

north and east of Augustine Island. This is the same region in

which a gyre has been observed by other investigators. In general,

the patterns of surface water microbial activity and respiration

reflect the net surface circulation patterns reported by Miller and

Allen (1976).
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As far as we know, this is the first study made in which

patterns of microbial activity in marine waters have been used to

characterize more than

regions of interaction

masses in question are

one distinct water mass and to indicate

between those water masses. The two water

clearly shown by the surface water salinity

data illustrated in Fig. 9. This is a similar pattern to that

observed by Kinney at al. (1969). This is also the same type of

pattern that one would expect from the current data presented by

Miller and Allen (1976). Since these observations were taken at

various times, it would appear that this is a relatively consistent

feature in Cook Inlet. These same patterns are clearly shown in

the relative levels of microbial activity and respiration percentages

observed in the same region (Figs. 10 and 11) during all three Cook

Inlet cruises.

At this point it is important to reflect on what these observations

mean in terms of what is occurring in these water masses. The

water mass to the southeast is coastal water which is being pushed

into the inlet by inshore currents moving to the west. These

waters probably contain very low levels of available organic nutrients.

As a result, the level of microbial activity is low and the percent

respiration is high. It has

of investigators (Wright and

1966; Crawford et al., 1974;

already been established by a number

Hobbie, 1966; Vaccaro and Jannasch,

and Carney and Colwell, 1975) that the

uptake rate of simple labeled amino acids and sugars by natural

microbial populations usually reflect the levels of nutrients

present in the surrounding water. The significance of the percent

472



respiration data is less clear. A relatively high percent respiration

value indicates that the population is using prop~~ “.onately  more

of the nutrient as an energy source and less of it to produce

cellular material. There are at least two conditions in which this

might occur. If the cells are starved, the cells will utilize most

of added nutrient for energy requirements before biosynthesis is

initiated. A more likely explanation is that growth factors

(available nitrogen or phosphorus) are not present in sufficient

concentration to allow biosynthesis to occur even though nutrients

are available to the cells,

The high levels of relative microbial activity and low respiration

rates found in the northern waters indicate that these waters

contain nutrients that are qualitatively and/or quantitatively

different than those found in the southern waters. The regions

where these two water masses mix show intermediate values between

these two extremes. These intermediate values could be caused by

at least two factors. As the northern water mass moves south along

the measured edge of the inlet, the nutrients present are being

consumed by the microorganisms present. At the same time, low

nutrient waters from the south are being mixed with other water

thus diluting the nutrients.

Drs. Cline and Feely (1977) have shown in their studies that

the water masses in Cook Inlet are usually well mixed vertically.

We measured relative micrubial  activity at three locations and at

various depths during the November cruise. We found no significant

microbial activity stratification with depth. It would thus appear

that the observations made in the surface waters should hold true

for the entire water column in most locations.
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We have also observed that the relative levels of microbial

activity are directly related to the levels of suspended matter

in the surface waters. When relative microbial activity as measured

using glutamic acid is compared with turbidity in the same samples,

correlation coefficients of 0.87 and 0.89 were observed for all

water samples collected during the April and November 1977 cruises

respectively. The correlation is also substantiated by the suspended

matter patterns reported by Feely and Cline (1977). There is a

striking similarity between these patterns and the patterns of

microbial activity and respiration percentages reported here. During

our determinations of bacterial concentrations using epifluorescent

microscopy, we have observed that 70-80% of the bacteria present in

water samples are associated with the particulate matter.

Feely and Cline (1977) also reported that much of the suspended

matter found in the northern waters probably makes its way into the

sediments of the Shelikof  Strait. Our studies of relative microbial

activity in the Cook Inlet tend to support this hypothesis. During

all cruises, relatively high

observed in the sediments of

southern portion of Kamishak

in Kachemak Bay are probably

within the bay. It has been

rates of microbial activity were

Tuxedni Bay, Kachemak Bay and the

Bay. The high rates of activity seen

due to the trapping of nutrients

observed by other investigators that

the net flow of water through this bay is very low.

The high levels of microbial activity observed in Tuxedni Bay

sediments are probably due to the sedimentation of the microbiologically

active suspended matter in the water column in this area. The high

levels of microbial activity in the sediments of the southern

Kamisliak  Bay area could be the result of organic nutrients being
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transported from either the Upper Cook Inlet as described above or

from the sedimentation of planktonic material from lower Cook

Inlet.

b. The consistently high rates of microbial activity found in

Kachemak Bay may have a direct bearing on the high fisheries productivity

in the same region. Dr. Feder (RU #281) has conducted studies of

the food webb in Cook Inlet. He has reported that both littoral

and offshore benthic  organisms are very much dependent on detrital

food sources (Lower Cook Inlet, Alaska - A Preliminary Environmental

Synthesis). He has also reported that immature crab and adult

shrimp ingest sediment directly to extract the nutrients contained

in the sediments. From what is now known about detrital  food

chains, it can be assumed that these organisms are obtaining most

of their nutrients from the bacteria that are associated with the

detrital particles within the sediment. D. C. Lees (RU #417) has

also reported (Final Report - Reconnaissance of the Intertidal and

Shallow Subtidal Biotic - Lower Cook Inlet, 1977) that the

productivity of macrophytes is higher in Kachemak Bay than in any

other region in Cook Inlet. The growth rates found here were as

high as any reported in the current literature. Recent studies of

macrophyte decomposition and utilization of macrophyte biomass by

other organisms indicate that ca. 80% of this biomass is routed

through bacteria before it can be used as a usable food source by

the higher trophic levels (Fenchel  and Jorgensen, 1977). There is

therefore, a great deal of presumptive evidence that benthic

bacteria play a vital role in the overall productivity of this

region.
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B. Nitrogen fixation

1. Seasonal differences

a. Fixed nitrogen is one of the limiting nutrients in the ocean

and therefore productivity of any marine ecosystem relies on the

availability of nitrogenous compounds. The only mechanism that can

fix N2 in the marine environment is enzymatic reduction by certain

microbes (including the cyanobacteria). As was the case in in-

terpreting the relative microbial activity on a seasonal basis; it

is very difficult to make statements about seasonal nitrogen fixation

based on the results of the cruises. Fortunately, during the

Kasitsna Bay study, we conducted measurements of nitrogen fixation

on a seasonal basis (see section IV). These results show that the

highest rates of nitrogen fixation occurred in the months of February,

April and October and that the lowest rates occurred in July 1979.

On a seasonal basis,

Sea were the highest

observed in the mean

April nitrogen fixation rates in the Beaufort

observed in that region. Although the differences

values for nitrogen fixation during the Cook

Inlet cruises were not statistically significant, it is interesting

that the November 1977 rates were the highest recorded in both Cook

Inlet and Shelikof Strait.

The reason for these seasonal variations is probably related

to both the quality and quantity of the nutrients coming into the

sedimenzs. The stimulation of nitrogen fixation by the addition of

soluble organic carbon has been well documented in the literature

(Knowles and Wishart, 1977; Fay, 1976; Keirut Brezonik, 1971; and

Herbert, 1975).

476



2. Geographical differences

During the cruises, we consistently found the biqhest rates of

nitrogen fixation in Kachemak Bay and Shelikof Strait. Occasionally,

high nitrogen fixation rates were also observed in Kamishak Bay as

well. These patterns can be interpreted in light of data collected

at Kasitsna  Bay, data collected on the currents in Cook Inlet and

the denitrification  data collected by Dr. Atlas and his associates.

The current patterns described by Miller and Allen (1976) suggest

that the net flow of water out of the Inlet is south along the west

side of the inlet and Shelikof Strait. This pattern is consistent

with the results of studies conducted by Feely and Cline (1977) and

ourselves. It can thus be assumed that detrital particles that are

produced in Cook Inlet, would move to the west side of the Inlet

and then south through Shelikof Strait.

IE seems likely that as the particles migrate south, the ratio

of carbon:nitrogen (C:N) increases as the bacteria use up the

available nitrogen and are cropped (a similar mechanism is suggested

for the seasonal changes observed in the Kasitsna Bay study).

Particles that settle out in Kamishak Bay would have lower

C:N ratios than those found in Shelikof Strait which is further to

the south. Qualitatively, the organic nutrients found these sediments

would then be similar to those found in the llwinterl’ sediments of

Kasitsna Bay. This would explain why the relative microbial activity

is low and the nitrogen fixation rates are high in the Shelikof

Strait and the reverse pattern is found in Kamishak Bay.

Additional support for this hypothesis comes from a comparison

of nitrogen fixation and denitrification rates in these two areas
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(Table 5). These data are also presented by Haines et al. (1980).

In the western Cook Inlet (Kamishak Bay), the natural rates of

denitrification  (the conversion of fixed nitrogen to atmospheric

nitrogen) were much greater than natural rates of nitrogen fixation

(the opposite process). These rates are probably out of balance

because of an exogenous input of fixed nitrogen into this area;

i.e. detrital particles with low C:N ratios. This is the same

situation that was observed in Norton Sound where the exogenous

source of fixed nitrogen was terrestrial detiritus from the Yukon

River. In the Shelikof Strait, the situation was different. The

amount of nitrogen being fixed was approximately equal to the

amount of fixed nitrogen that was being transformed back to atmospheric

nitrogen. This would suggest that there was very little exogenous

nitrogen being supplied to the system.

3. Significance of nitrogen fixation in overall productivity

The nitrogen fixation rates observed in Shelikof  Strait and

Kachemak Bay were significantly higher than those rates observed in

either the Beaufort  Sea or Norton Sound. This indicates that this

process is probably of greater significance in and near Cook Inlet

than in Arctic waters. How then do these rates compare with those

reported by other investigators in different areas? Of the studies

reported, the one that most closely approximates ours was that of

Herbert (1975). This was an in situ study of nitrogen fixation in.—

sediment cores taken at a location on the northeast coast of Scotland.

Herbert observed a maximum nitrogen fixation rate of 1.84 ng nitrogen

fixed per g dry wt per h. This rate is the average rate of nitrogen
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fixation observed by us in all sediment samples analyzed during the

November 1977 Cook Inlet cruise. The maximum rate that we observed

-1 x h-l
was 6.3 ngN x g . In another study, Brooks et al. (1971)

reported a range of nitrogen fixation in 8 sediments taken from a

-1 -1
Florida estuary of from 0.64 to 6.0 ngN x g x h . The highest

value that they observed was very close to the highest value that

we observed in November Homer boat basin). Marsho et al. (1975)

reported an average annual nitrogen fixation rate of 2.9 ngN x g
-1

-1
xl-l in sediments taken from 7 stations in che Rhode River close

to Chesapeake

fixation that

close to that

Bay. These data suggest that the rates of nitrogen

we observed in Cook Inlet and the Shelikof Strait are

observed in other marine sediments and relatively

high when compared to sediments that were most similar (the Herbert

study).

Table 5. Comparison of mean rates of nitrogen fixation, denitrification
and concentrations of fixed forms of organic nitrogen in sediments
from different regions of the Alaskan Continental Shelf.

Denitrification +N2 fixation (natural) ‘4 N03

- + No2-
-1 h-lng -1 h-lng @ w

upper Cook

Western Cook

Shelikof Strait

Norton Sound

Beaufort Sea

0.08 0.05

0.28 11.25 137 55.2

0.68 0.66 83 3.1

0.22 1.91 188 6.4

0.20 103 12.4
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In the Kasitsna Bay study, we found that the yearly mean value

for nitrogen fixation rates in sediments analyzed near there as

being approximately 1 ng x g dry wt -1 ~ # . This rate was sufficient

to replace all of the fixed nitrogen (NH4+, N03-, and N02-) in the

interstitial water every 24 hours. It is also a rate that is

sufficient to account for an annual production of bacterial biomass

in Kachemak Bay of 400 tons.

Under most conditions, nitrogen is usually not limiting to

bacterial growth in seawater; however, the same may not be true in

sediments. Inshore sediments often contain detritus particles

which have very high carbon to nitrogen ratios. Stucl~es of detrital

food chains have shown that nitrogen fixation in sediments may be a

very important factor in the effective utilization of detritus food

particles by higher trophic levels (Mann, 1972; Fenchel and J&gensen,

1977). This is particularly important when one realizes that the

majority of organic nutrients available to support all of the

animal population in the inlet probably come from detritus particles.

In order for this to become available as a food source for animals

from the level of the protozoa on up, the detritus particles must

become colonized by bacteria. In order for bacteria to grow, they

need fixed nitrogen.

Iv. Conclusions

1. In general, the sediments showed. very high microbial activity when

compared to the water samples studied. This fact suggests that the

sediments might be important loci of crude oil degradation. It is not

known what rates of biodegradation could be expected in Arctic marine

sediments; however, there is evidence that suggests that certain components
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of crude oil may persist in sediments for long periods of time (see

Atlas’ final report for Ru#29).

2. Water samples taken along the shoreline consistently show higher

levels of microbial heterotrophic activity than those taken offshore.

This indicates that initial rates of crude oil biodegradation may be

higher in waters next to the beach than in offshore waters.

3. The waters taken from the northern section of Cook Inlet showed

much higher levels of activity than those taken near the mouth of the

inlet.

4. Measurements of relative microbial activity and respiration per-

centages can be used to characterize specific water masses and give some ,<.

information about the organic nutrients found in these waters. The

above measurements should be made in both the water column and sediments in

new lease areas where this information is not available. These data

would provide information concerning the microbial characteristics of

water masses as well as data concerning biological productivity potential.

5. Nitrogen fixation in the sediments of Cook Inlet and the Shelikof

Strait may be an important contributing factor to the overall productivity

of the detritus based food chain in that area.

6. Our studies on the effects of crude oil on nitrogen fixation in

natural sediment samples showed that the presence of crude oil had

little or no short-term (24 h or less) adverse effect on this process.

As indicated in Section IV, long-term exposure of marine sediments did

cause a dramatic decrease in nitrogen fixation rates.

7. Crude oil did have an inhibitory effect on glucose respiration in

natural marine microbial populations. This effect was noted when either
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crude oil, crude oil aqueous extract or weathered crude oil was used.

This effect probably reflects stress which could cause a reduction in

species diversity such as that already observed in Arctic marine waters

exposed to crude oil over extended periods.

8. Evidence is accumulating which suggests that crude oil which is

spilled in the turbid waters of the Upper Cook Inlet may become associated

with the suspended matter found in these waters. If this occurs, then

crude oil components would become associated with the sediment when

these particles settle out of the water column. Our studies and the

studies of Drs. Feely and Cline suggest that these particles probably

settle out into the sediments of the southern Kamishak Bay and/or the

sediments of the Shelikof  Strait.

9. The regions which would most probably be impacted by a crude oil

spill would be Kachemak and Kamishak Bays and the Shelikof Strait. This

is assuming that the crude oil becomes associated with the sediments.

Of these three areas, the one which would be most severely impacted

would be Kachemak Bay. If significant portions of the sediment in this

Bay was perturbed with crude oil, it is quite likely that the fisheries

in this region would be adversely effected for an extended period of

time because of the impact on the detrital food chain.

10. Our effects studies at Kasitsna Bay have shown that virually every

benthic microbial process that we have studied show significant changes

when marine sediments are exposed to crude oil. These results are

reported in Section IV

VII. Needs for further

We have collected

of this report.

S t u d y

all of the field data in Cook Inlet and Shelikof

Strait required to have a general understanding of relative microbial
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activity and nitrogen fixation rates in these areas. Future cruise work

should be conducted in the Bering Sea where there is very little information

available about microbial processes. We do, however, strongly recommend

that the effects studies that we have initiated at Kasitsna Bay be

continued.



BEAUFORT SEA

Section II

1. Summary of objective, conclusions and implications with respect

to OCS oil and gas development.

A. Objectives.

During the early studies , our main objectives were to obtain

baseline data on microbial activity and bacterial cell concentrations

in the waters and sediments of the Beaufort Sea. These data were

to be augmented with salinity, temperature and inorganic nutrient

data. These studies were to be designed to define when and where

the microbial populations were the most active. As the study

progressed, we were to start measuring nitrogen fixation rates in

the sediments and the short-term effects of crude oil on these

processes. In July 1977, a study was initiated in Elson Lagoon

which was designed to show what effects, if any> crude oil had on

benthic microbial populations. These studies have been conducted

from that time to the present. During all of these studies, we

were to work in close cooperation with Dr. Atlas (RU #29).

B. Conclusions and implications with respect to OCS oil and

gas development.

1. Our studies to date have shown that crude oil has significant

long and short-effects on microbial function in Arctic and sub-

Arctic marine environments. This has some important implications

concerning the overall productivity of an impacted area. Some of

the long-term effects of crude oil in sediments include reduced

rates of organic nutrient mineralization. This and reduced trans-
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formation rates of key nitrogen cycle components suggest that crude

oil could reduce the rate at which inorganic nutrients such as

nitrate and phosphate are made available to form new phytoplankton biomass

used in primary productivity.

2. There is also evidence to suggest that secondary productivity,

through the detrital food chain, could also be adversely affected

by the presence of crude oil in sediments. Such a reduction in

secondary productivity would have a profound effect on the food

available to support life at all trophic levels. This reduction

would most probably be of greatest importance in the shallow inshore

communities; especially those areas near the major rivers from

which terrestrial carbon is transported seasonally. Recent studies

on the dynamics of detrital food chains suggest that over 50% of

phytoplankton  carbon and 80-90% of mscrophytic and terrestrial

carbon passes through bacterial biomass before being utilized by

higher trophic levels. We have typically observed reductions in

microbial activity of 50% or more in waters and sediments exposed

to crude oil. By inference, crude oil should have a profound

effect on overall biological productivity in an impacted area. The

aquaria studies at Kasitsna Bay have shown that there is a large

accumulation of detrital material on the surface of oiled sediments.

This did not occur in the non-oiled control sediments (see Section

IV for details of this study). Under these conditions, the blockage

of the detrital food chain by the presence of crude oil was dramatically

illustrated.

3. Beaufort Sea inshore sediments were shown to have approximately

400 times the microbial activity as that found in the overlying

485



water column. This illustrates the relative importance of the

sediments in the system.

crude oil has a profound

sediments. We therefore

As mentioned above, it is known that

effect on microbial activity in these

recommend that during the planning and

execution of oil production, those procedures which could cause

crude oil to become accidentally incorporated into the sediments
.

should be avoided. Likewise, procedures which would tend to drive

crude oil into the sediments during cleanup operations after a

spill should be avoided.

4. The onset of measurable long-term crude oil effects took

considerably longer in Beaufort Sea sediments than they did in Cook

Inlet sediments (up to 10 times longer). It seems quite likely

that the crude oil effects that we are observing

Lagoon samples will persist for a long time. We

these effects persisting in Cook Inlet sediments

in the Elson

have seen many

one year after

of

exposure. From these observations and what we know about what

takes place in Beaufort Sea sediments, we would predict that crude

oil would affect benthic microbial function for several years’.

5. In a recent study conducted by Dr. Schell (RU #537), it was

concluded that the Beaufort Sea amphipod Gammarus steosus feeds

directly on peat. This shows a direct link between cellulose

utilization and transfer of this carbon to higher trophic levels.

Actually, the amphipods  are probably digesting off the bacteria

which colonize the peat. It has also been shown by Busdosh and

Atlas (1977) that Beaufort Sea amphipods avoid feeding in areas

contaminated with crude oil. In our Kasitsna Bay study, we also
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observed a reduction in the utilization of detritus because the

detritivores were either killed or avoided feeding in crude oil

contaminated sediments. This leaves us with the question of what

happens to the detritus if it is not utilized by the detrital food

chain? Our work at Kasitsna  Bay shows that the detritus accumulates

on the surface of the sediments and the sediments become anaerobic.

These anaerobic conditions would undoubtedly effect the long-term

distribution of the normal benthic organisms since most of the

sediments we have sampled in the Beaufort Sea

oxidized.

11. Study areas.

During the summer of 1975, we conducted a two

activity in marine waters and sediments near Point

appear to be well

month study of microbial

Barrow and Prudhoe

Bay. The locations that were sampled are illustrated in Figs. 15 and

16. At this time, 50 water samples (including 5 ice samples) and 24

sediment samples were collected and analyzed. During the 1976 field

studies the locations shown on Fig. 17 were sampled. During April,

1976, 26 water samples (including 3 ice samples) and 14 sediment samples

were analyzed. During the August 1976 Glacier cruise 18 water and 13

were collected. The sediment samples that were returned to us from the

September 1977 cruise were sampled at the locations given in Fig. 18.

During the August 1978 cruise we collected and analyzed 42 water and

38 sediment samples from the locations given in Fig. 19. The location

for the Elson Lagoon oiled tray experiment was approximately 1/2 way

between stations 2 and 3 in Fig. 16.
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III. Methods.

The methods used for most routine field operations are presented in

Section I. The methods used in the crude oil and Corexit effects studies

are presented in Section IV of this report. The only method that’ is not

covered in the other methods sections in this report was the one used to

measure ATP, ADP, and AMP.

A. Analysis of adenylate concentrations

The procedure was a modification of that described by Bulleid

I (1978) . One ml of sediment was added to 8 ml of extraction buffer

(0.04 MNa2HP04 adjusted to pH 7.70 with 0.02 M citric acid) in a

50 ml beaker which was placed in a boiling water bath for 2 minutes.

.

With the exception of the

were kept cold by placing

was minimized by covering

time when the samples were boiled they

the beakers in crushed ice. Evaporation

the beakers with a watch glass. To

determine the extraction efficiency, O.lIU1 of 10-6 M ATP was added

to both one sediment sample and the control containing no sediment.

Duplicate subsamples  of each sediment were extracted. Following

extraction samples were removed to an ice bath, then added to

centrifuge tubes, allowing a small volume distilled H O rinse to2

completely recover the extracted sample. After centrifuging at 800

x g at O°C for 10 min., the clear supernatant was removed to a

screw cap vial, its volume brought up to 10.0 ml with distilled

‘2°’ and ‘rozed at -20°C until the time of analysis.

For the analysis of ATP, 1.8 ml of extract was added to 0.72 ml

of buffer 1 (0.55 g K2S04 and 1.5 g MgS04 in 10.0 ml distilled H20) and

0.2 ml Tris-EDTA buffer (buffer A: 20mMTris; 21nMEDTA; pH 7.75).
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For analysis of ATP plus ADP, 1.8 ml of extract was added to 0.72 ml of

buffer B (10 ml of buffer A with 5 mg phosphoenol pyruvate) and 0.2

ml pyruvate kinase (Sigma) solution

analysis of ATP plus AMP, 1.8 ml of

B, 0.2 ml pyruvate kinase, and 0.05

Each mixture was held on ice during

(10 mg in 10 ml TRIS-EDTA). For

extract was added to 0.72 ml buffer

ml adenylate kinase solution (Sigma).

preparation, then incubated at

30°C for 15 min and returned to an ice bath.

An Aminco ATP Photometer and Integrator-timer was used for the

assay. a 575 P1 volume of each mixture was transferred to a cuvette

and placed in the photometer chamber. Integration of photon emissions

over 3 sec intervals was begun as soon as 100 pl of a buffered luciferin-

luciferase preparation (~pont Instruments, No. 750145-902) was injected

into the chamber through a septum. The maximum integrated count, usually

occurring in the second interval , was used to calculate amounts of each

adenylate  present, using standard curves prepared from pure adenylate

solution.

The concentrations of adenylates in each sample were calculated

using a standard curve which was prepared by assaying known concentrations

in the approximate concentration range expected in the samples. Once

the concentrations in a sample were determined, they were normalized to

grams sediment dry weight.

each sample which was then

adenylates in the original

An extraction efficiency was calculated for

used to calculate the concentration of

sample.

using the following relationship:
-,-...

Energy Charge
,’-’-.

.

The energy charge was calculated

ATP + 1/2 ADP
ATP + ADP + AMP
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Iv. Results.

Our first study in the Beaufort

of July, August and September 1975.

Sea was conducted during the months

This study resulted in an extensive

survey of relative microbial activity in the waters and sediments near

Barrow, Prudhoe Bay and landward of the Barrier Islands between these

two locations (Figs. 15 and 16). These first studies were published in

1978 (Griffiths  et al.). We also participated in two cruises in the

Beaufort Sea. During the first cruise (August 1976 Glacier cruise), we

studied relative microbial activity at offshore locations between Point

Barrow and Prudhoe Bay (Fig. 17). During our second cruise conducted in

August 1978, we studied relative microbial activity and nitrogen fixation

rates in samples collected from the Colville River to the US-Canadian

border (Fig. 19). We did not participate in the September 1977 Glacier

cruise, but Dr. A. G. Carey (OSU) brought back sediment samples to us.

We measured nitrogen fixation rates and hydrocarbon biodegradation

potentials in these samples (Fig. 18).

We have also participated in another study in collaboration with

Dr. Atlas (RU #129). This study was designed to assess the effects of

crude oil on microbial function in Elson Lagoon sediments. The results

of these studies are presented and analyzed in Section IV of this report.

A. Relative microbial activity and respiration percentages.

In the studies mentioned below, the relative microbial activities

are expressed in Vmax values. This is equivalent to the substrate

uptake rates used in the previous section.

1. Local variations.

Variations in the maximum potential uptake rates (Vux values)

of water samples taken at the same location within a few weeks of

494



one another are shown in Table 6. In some cases, the variation

seen in the water samples was greater than 10-fold at the same

station. The variation was somewhat less in the sediment samples.

These variations are much greater than one would expect from experimental

error alone since the variation between identical subsamples  is

generally near 10% for the technique used. The variations seen in

the water samples probably reflect differences in water masses

present at each location. This supposition is supported by the

fact that stations sampled on the same date usually showed the same

relative pattern of microbial activity even though the average

level of activity may change dramatically from one week to the

next. All of these samples were taken near or within the Barrier

Islands in very shallow seas. These waters are greatly influenced

by wind-driven currents and the effects of freshwater runoff. The

variations in the sediments probably reflect inaccuracies in station

location and the patchiness of the sediment due to ice gouging.

2. Geographical differences.

During the first three field-study periods, bacterial concentrations,

relative microbial activity (Vmax ), temperature, salinity, and pH

were measured in water and/or sediment samples. During the summer

1975 study period, these measurements were compared in samples that

were taken in the Barrow and Prudhoe Bay areas (Table 7). In the

water samples, there was a significant difference seen between the

mean percentage of respiration and the mean salinity values observed

in these two regions. Both values were greater in the Barrow area.



Table 6. Variations seen in Vmax values observed in
samples taken at the same geographical location
at different times.

Water samples

Station No.
summer 1975 Date v *

Max

1 9/5 51

1 9/11 18

1 9/17 47

2 8/21 83

2 9/5 10

2 9/11 13

2 9/17 13

3 8/21 90

3 9/5 15

3 9/11 4

3 9/17 11

4 8/21 91

4 9/5 9

4 9/11 9

53 9/8 77

53 9/12 60

55 9/8 113

55 9/12 69

70 9/12 19

70 9/14 12

71 9/12 20

71 9/14 5

Winter 1976

3 4/5 5.4

3 4/9 4.3

3 4/10 0.7

14a 4/5 12

14a 4/18 <0.2
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Table 6 (continued) .

Water samples

Station No. *
summer 1976 Date vmax

72 8/23 85
72 8/24 41

Sediment Samples

k
Summer 1975 Date v

max

1
1

2
2
2

3
3
3

51
51

9/5
9/17

9/5
9/11
9/17

9/5
9/11
9/17

9/8
9/13

1.51
0.61

0.13
0.13
0.77

0.07
0.02

<0  ● 02

0.78
0.80

*v values in water samples are reported as ng glutamic
p~;xliter per hour and Vmax values in sediments are reported
as pg glutamic acid per gram dry weight per hour.
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Table 7. Data summary of measurements made in samples collected
in the Barrow and Prudhoe Bay areas.

Barrow Prudhoe Bay

Units n ? s n f s
Measurement

*
v rig/l/h
max
Percent %
respiration*

Temperature ‘c

(in situ).—
Salinity 0/00

pH
Bacterial 105 cells/ml

+
concentration

V* pgig dry
max wt /h

Percent %

respiration*
PH
Bacterial +
concentration

108 cells/g
dry wt

Water

37 37 34 13 44 28

37 62 7 13 54 5

37 1.2 1*5 13 1“ 0 1’1

37 22.7 3.1 13 16.7 4.4

37 7*9 0“1 13 7“ 9 ;“;
37 4.4 2“9 13 4* 5 “

Sediment

15 0.40 0.37 18 0.83 0.40

14 41 11 18 32 7

3 7.2 0.1 :: 7*5 001
15 4*4 5“3 9.2 12.0

Note: n - number of observation; Y= mean value; s = standard deviation.

*
These measurements were made using

14C labeled glutamic acid. .

+Bacterial concentrations estimated using direct observations with epi-

fluorescent microscopy.
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A somewhat different result was obtained from similar measure-

ments made on sediment samples taken in these two regions. The

only factors that showed a significant difference in the mean

values were the pH and the relative microbial activity (Vmx).

Both the mean

higher in the

values for relative microbial activity and pH were

Prudhoe Bay sediments. The mean bacterial concentration

was about twice as high in the Prudhoe Bay area

was high and a statistical analysis of the data

difference was not significant. The difference

but the variability

revealed that the

seen in the bacterial

concentrations did, however, reflect the same difference seen in

the Vmax values when these two regions were compared. In general,

the values presented in Table 7 were probably representative of

values normally found in the bay waters of the Beaufort Sea in late

summer months.

In most cases, the nearshore water samples taken farthest from

shore showed the lowest V values. This is best illustrated inmax

the data collected in the Prudhoe Bay area (Table 8). A comparison

was made between the distance of the sampling site from shore and

the Vmax value observed in the water sampled at that site. On the

three sampling dates for which there are sufficient data to make a

valid comparison, there was

distance from shore and the

a negative correlation between the

v values observed at that distance.max

This same trend, however, was not seen in samples taken along the

offshore transects sampled in the winter and summer of 1976 (Fig.

17). The sediment samples collected during the September 1977
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Table 8. Vmax measurements

in Prudhoe Bay.

/

j

in water samples taken at stations

-0.85

Distance
Station from shore Correlation

Date No. v * km coefficient
max

9/8 53 77 0.4 -0.39
11 55 113+ 2.1
11 55 65 2.1
1! 51 38 2.0
11 54 78 0.8

9/12 53 60 0.4
II 55 69 2.1
II 56 28 4.0
11 70 19 5.4
11 71 20 7.8

9/13 50 48 0.7
11 52 32 2.4

9/14 57 29 4.2
If 70 12 5.4
11 71 5 7.8 -0.95
it 72 20 4.3
II 73 40 2.6

* vm a x
values reported as ng glutamic acid taken up per litre per hour.

+Sample taken at a depth of 2 m, all others taken at the surface.
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cruise showed higher relative microbial activities in the area near

Point Barrow than the areas to the east (Fig. 20). During the

August 1978 cruise , we were able to sample a more comprehensive

sampling grid (Fig. 19). These data show that the relative microbial

activity was highest in the areas near the major rivers along the

North Slope. This phenomenon was observed in both water and sediment

samples (Figs. 21 and 22). In addition, we observed reduced respiration

percentages in the waters adjacent to these rivers (Fig. 23). The

patterns of uptake and respiration in the waters were essentially

the same as those observed in the Cook Inlet (described in Section

I) and in the Norton Sound (described in Section 111).

3. Comparison of relative microbial activity in Beaufort Sea with

other regions.

Using Vmax values, we have shown that the relative microbial

activity in Beaufort waters was roughly equivalent to that observed

during the 1976 Cook Inlet cruise and during the NEGOA cruise the

same year (Table 1, Section I). With the exception of the unusually

high activity observed in NEGOA sediments, the same can be said for

relative microbial activity in the sediments as well.

Comparisons of relative microbial activity can also be made in

the studies in which glutamate uptake at one concentration was used

(Table 9). If uptake rates in both water and sediments in the

Beaufort Sea are compared with data collected in both Cook Inlet

(including Shelikof Strait) and Norton Sound, the rates are very

similar. With the exception of the two water samples collected in

Elson Lagoon in April, 1978, all of the mean values are within the
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same order of magnitude. With the exception of the January Beaufort

Sea sediment samples, the same can be said for the relative microbial

activities in the sediments as well.

Table 9. Comparison of glutamate uptake activity in field station waters
and sediment samples.

Area Water (ng/1/hr) Sediment (ng/g/hr)

Beaufort Sea Aug 1976 8 80
Aug 1978 14 96

Beaufort Sea, Elson Lagoon
Jan 1978 4 14
Apr 1978 0.5 480
Aug 1978 20 85
Jan 1979 2 8

Cook Inlet and Shelikof Strait
Apr 1977 16 217
Nov 1977 5 64
Apr 1978 13 86

Norton Sound July 1979 19 154

Unfortunately, there is very little data in the current literature

with which we can compare the Beaufort Sea data. The data that is

available from other geographical regions (Table 10), indicate that

the rates observed in the Beaufort Sea during the summer 1975

study was roughly equivalent to that reported by others.

4. The influence of freshwater input on cell concentrations and

microbial activity.

One of the many unique characteristics of the Beaufort Sea is

the wide range of salinities encountered. During our studies, the

widest salinity range observed was seen during the 1976 summer

cruise where surface and near-surface samples showed salinities

ranging from 5 to 21%. This salinity variation in the area of

study was the result of freshwater coming from melting of the pack
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Table 10. Comparison of reports of relative microbial activity in marine
water and sediment samples taken in various geographical
areas. All measurements were made using 14C labeled glutamic
acid. Except as noted, the same methods were used for all
studies.

No. of
Ocean V* samplesmax Investigation

Water samples

Antarctic 10.9 23 Morita et al. (1977)
Antarctic

.—
11.2 8 Gillespie et al. (1976)

Tasman Bay
.—

New Zealand 40.0 1 Gillespie (unpublished)
Eastern ~ropical Hamilton and Preslan
Pacific 15.2 10 (1970)

*v values are reported as ng glutamic acid taken up per unit of sample
p~~xhour. The unit of sample in sediments is 1 g dry weight. J< ‘<..

+ .}
No C02 data included.
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ice. As a result, the surface-water salinity was much lower than

that found at 5 m and below. Seawater samples that were diluted

507: with sterile fresh water showed no significant change in the

ability of the natural microflora to utilize glutamic acid even

though marked changes in salinity resulted in this treatment.

Studies were also made on the relative microbial activity seen in

melted ice in contrast to the same measurement made in the water

adjacent to the ice (Table 11). Ice when melted showed a high

degree of variability which was undoubtedly due to its diverse origin.

The microbial activities and bacterial concentrations in the surface

water and melted ice were similar. When seawater and melted ice

were mixed 1:1 there was no adverse effect on glutamic  acid utilization.

These observations were further supported by relative microbial

activity measurements made at the surface at 15 m (Table 12). The

input of fresh water from melted icepack at the surface did not

reduce the concentration of bacteria present nor did it adversely

affect the uptake of glutamic acid when these values were compared

with samples taken from more saline waters at 15 m.

5. Seasonal variations.

The two 1976 Beaufort Sea studies were designed to compare

relative microbial activities and bacterial cell concentrations in

water and sediment samples taken in the sumner and winter at the

same stations. Additional data were obeained  from other stations

during the 1975 summer. The average Vma values observed in both

water and sediment samples during the winter study were about one



Table 11. Relative microbial activity (V ) and cell concentrations
in samples of melted ice, asso~~ted seawater, and 50/50%
mixtures of the two.

Sample Sample
v

Salinity
No. type max 105 cells/ml 0/00

82*
83*
84*
81
81 + 84
T
93*
94*
95
93 + 95
t

BI 120
BW 120
BI 122
BI 122
BW 123
BW 123

Summer 1975

Ice 1 1.2
Ice 22 0.5
Ice 9 2.0
Water 24 25.0
Mixture 22 13.5

16
Ice 34 9.0
Ice 68 6.0
Water 28 26.0
Mixture 57 17.5

31

Winter 1976

Ice 4.1 1.3
Water 2.1 1.2 25.5
Ice 2.0 1.6
Water 2.1 2.7 29.0
Ice 0.7 2.2
Water 4.7 1.3 28.0

*
Float ice collected at one location.

~
“Theoretical result of mixing Vux values reported as ng glutamic
acid per liter per hour.
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order of magnitude lower than that seen in either summer study

(Table 13). The data presented in Table 14 illustrate this trend

in water samples taken at the same stations during these two seasons.

The bacterial concentrations also decreased in the winter but the

decrease was not as dramatic as that seen in the Vmx data. However,

there was very little difference seen between the cell concentrations

observed in the 1975 summer sediments taken from the inshore stations

and the values observed in the 1976 winter sediments taken from the

offshore stations even though a 10-fold difference was seen in the

v values in the same samples.max

Table 12. The Vm x values and cell concentrations
?and wa er samples taken at 15 m at four

Beaufort Sea.

in surface waters
stations in the

Surface water Water at 15 m

Station *
105 cells/ml.

*
v v 105 cells/ml

No. max max

24 6 3.2 6 2.3
23 27 4.6 5 4.5
22 6 3.0 0.4 1.9
15a 7 3.7 2 5.4

*vmax values are reported as ng glutamic acid per liter per hour.
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Table 13. Data summary for observations made on all samples taken in the Beaufort Sea.

—-

Summer 1975 Winter 1976 Summer 1976

Measurement Units n ? s n Y s n 7 s

vmax* (water)
v * (sediments)
P~;~ent  respiration
(water)*

Percent respiration
(sediment)*

Bacterial concentration
(water)+

Bacterial c ncentration
(sediment)

?

Salinity
Temperature

nglllh
mg/g dry wtlh
%

%

105 cells/ml

108 cells/g dry wt

0/00
“c

50
33
50

33

50

33

50
50

44 30 21
0.61 0.47 14

59 7 23

37 4 14

4.5 2.7 23

6.6 8.9 13

20.5 5.0 23
1.2 1.0 23

3.1 3.7 16
0.06 0.04 11

85 14 16

39 13 11

1.5 0.5 18

10 6.7 11

24 24 18
-1.9 -1.9 18

21 24
0.83 1.20

46 11

23 6

3.7 1.3

106 7.9

15.3 4.7
-0.1 0.3

Note: n = number of observations; ? = mean value; s = standard deviation.
k
These measurements were made using

14C labeled glutamic  acid.
+Bacterial concentrations estimated using direct observations with epifluorescent microscopy.



Table 14. A seasonal comparison of Vmx values observed at
several stations.

v *
max

Station
No. Summer 1975 Winter 1976 Summer 1976

2
3

15a
16
21
22
23
24
74
80

30;
30

1.1
3.5$-
4.2
2.1

<0.2
0.2
0.2
0.4
2.8
0.7

7
56
4
6

27
6

85
34

*v values are expressed a ng
p%?hour.

tAverage of four measurements.

+Average of three measurements.

glutamic  acid taken up per liter

A statistical analysis of these data shows that there was a

significant difference in the V~ax, percentage of respiration, cell

concentration, and salinity between the water samples taken in the

winter and those taken during both summers. In the sediment samples,

there was a significant difference seen between the Vmx values

during the same sampling seasons. The cell concentrations in the

sediments were significantly lower in the winter as compared to the

summer 1976 measurements but they were not significantly different

from those observed in the summer of 1975.

The differences seen in the microbial activity in the sediment

and surface-water samples during the summer and winter studies

probably reflect variations in nutrient availability during these
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two seasons rather than changes in water temperature. The widest

difference in the average surface-water temperature observed between

winter and summer conditions was about 3°C (Table 13). A study was

conducted to determine the effects of incubation temperature on

four water samples taken in the Barrow area during the 1975 summer

study (Fig. 24). These data indicate that a drop in temperature of

3°C will decrease the Vma value by about 50%.

In addition to these data, we also collected seasonal data

during the Elson Lagoon study LTable 15). In these studies, we

compared the relative microbial activity in water and sediment

samples using single concentrations of glucose and glutamic acid.

The microbial activity in the water samples was low during the

January and April sampling periods but much higher during August.

In the sediments, the activity was lowest in January and highest in

April and August.

6. Comparison of microbial activity in sediments and in the

water column.

The sediments of shallow waters have long been recognized as

an important area of microbial activity in marine ecosystems. It

has also been known that microbial activity in sediment is much

higher than that found in water. This trend was also observed in

this study (Table 13). In the summer 1975 study, the average value

for the potential rate of glutamic acid uptake and mineralization

was 0.52 pg glutamic acid per gram dry weight of sediment per hour.

There is no way to compare directly this figure to potential activity

in a comparable volume of water but a reasonable approximation can
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Table 15. Seasonal comparison of microbial uptake and nitrogen fixation
rates in water and sediment samples from Elson Lagoon.

WATER SEDIMENTS

Jan 1978 Glucosel Glutamatel Glucose2 Glutamate* .3
~2*

401 0.4 4.8
401 ice 0.5 4.5
402 0.3 3.8 3.4 22.6 0.15
403 0.3 3.4 7.8 27.6 0.15
407 0.2 2.8 0.10
408 0.3 2.4 1.2 6.0 0.11

Mean 0.4 3.8 3.1 15 0.13

Apr 1978

501 0.3 0.6
502 0.3 0.4
503 0.1 12.2 479

Mean 0.2 0.5 [6.2]4 [234]4 [1.4]4

Aug 1978

601 15.6 34.2 2.7 19 1.1
604 2.3 4.6
606 433.9 21.6
607 13.2 161 0.3

Mean 21 20 8 90 0.7

Jan 1979

701 0.2 0.6
702 0.2 2.7
703 2.4 7.0
704 3.7 7.9

Mean 0.2 1,7 3.1 7.5

1- ng/1/hr 3- ngN fixed/g dry wt/hr
2- ng/g dry wt/hr 4- mean of 5 control and oiled trays
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be made. A relative comparison between microbial activity in

sediments and seawater can be made by contrasting the activity in a

given volume of seawater with an equal volume of sediment-seawater

slurry. In the summer 1975 study, the average Vmx in the undiluted

2
sediment slurries was 2.5 x 10 pg per liter per

roughly four orders of magnitude higher than the

3.8 X 10-2 pg observed in the water samples.

hour. This is

average figure of

Another comparison of potential microbial activity in sediments

and seawater can be made by comparing the total activity in an

average water column with activity in the underlaying sediment. To

make such a comparison, at least two assumptions must be made. The

first is that most of the microbial activity is taking place in the

first 2 cm of the sediment. This assumption is based on the

findings of ZoBell (1942) and others who have shown that the

vast majority of bacteria in sediments are found in the top 2 cm.

The other assumption is that diluting the sediment sample with

sterile artificial seawater does not significantly affect the

resulting observed activity.

Keeping these assumptions in mind, the potential rate of

glutamic acid utilization in the average water column (1 tnz x 3 m

deep) can be compared with the same potential in the sediment below

that square meter of water. The maximum potential for glutamic

acid utilization in an average water column in the test area was

0.1 mg glutamic  acid in the water column per hour. If our assumptions

are correct, the sediments in the waker columns studied in the

inshore stations (summer 1975) had, on the average, 400 times
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greater activity than the entire overlaying water column. This

figure should be considered an underestimation of what is probably

the true value because: (1) we have assumed that there is no

microbial activity in the sediments below 2 cm, (2) the value was

calculated in terms of a slurry which contained roughly 50% seawater,

(3) the actual sediment samples studied contained material to a

depth of 4 cm.

7. Adjustment of microbial populations to hydrocarbons in the

environment.

During the course of our studies , we have collected two sets

of data which shows that benthic microbial populations may be

changing in response to the inputs of hydrocarbons into the Beaufort

Sea. An analysis of biodegradation potentials in sediments collected

during the September 1977 cruise indicates that the benthic microbial

populations in sediments to the east of Prudhoe Bay have the highest

potential for degrading crude oil (Fig. 25). Sediments collected

during the August 1978 cruise shows that the benthic microorganisms

in this same general area are affected the least by the addition of

crude oil on a short-term basis (Fig. 26). In these studies, the

lack of a reduction in the amount of glucose taken up by the microorganisms

in the presence of crude oil can be interpreted as an indication of

prior exposure.

B. Rates of nitrogen fixation in Beaufort Sea sediments.

1. Geographical distrubution.

We measured rates of nitrogen fixation in two sets of sediments

during two cruises in the Beaufort Sea (Figs. 27 and 28). The set
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expressed as ng N2 fixed/g dry wt./h.



of data that was collected in September 1977 covered the largest

geographical area. In this study, the highest rates were observed

in sediment samples collected near Point Barrow. The nitrogen

fixation rates to the east were generally lower. During the second

cruise which included the area between the Colville River and the

Canadian-US border, therewereno significant geographical trends

noted. If one compares these data with similar data collected in

Cook Inlet, Shelikof Strait and Norton Sound, there were differences

noted in the mean values (Table 4, Section I). The mean nitrogen

fixation rate observed in Norton Sound was not significantly different

from that observed in the Beaufort. Generally the rates observed

in Cook Inlet were higher but the differences were not statistically

significant. The mean values for nitrogen fixation in Shelikof

Strait were significantly higher than those observed in the Beaufort

Sea.

2* Seasonal differences.

There has been only one study in which we have collected

nitrogen fixation data on a seasonal basis in the Beaufort Sea. We

measured nitrogen fixation rates in sediments located near the

oiled tray experiment in Elson Lagoon (Table 15). Three sets of

observations were made; January 1978, April 1978 and August

1978. The lowest rates were observed in January 1978; intermediate

values in August and the highest value in April. The August figure

was approximately 1/3 of the mean observed in sediments analyzed

during the NorthWind cruise later that same summer. Unfortunately,

there was one non-oiled sediment analyzed in April 1978. In all,
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there were five sediment samples analyzed (one control and four

oiled). The mean value for all five was 1.3 ng x g-1 ~ h-l . This

value is exactly one order of magnitude higher than the rate observed

in January 1978.

c. Total adenylates in Elson Lagoon sediments.

The combined concentrations of ATP, ADP, and AMP was measured

in the sediments of Elson Lagoon in August 1978 and January 1979.

The total concentration of these three chemical species (total

adenylates)  was higher in the summer than in the winter. From this

information, we were also able to calculate energy charge. The

higher the energy charge, the more metabolically active the population

is. The mean energy charge in summer sediments was 0.97 and in the

winter it was 0.25 (Table 41, Section IV).

D. Crude oil toxicity studies.

During the August 1978 Beaufort Sea cruise, we measured the

acute toxic effects of Prudhoe Bay crude oil on nitrogen fixation

rates and relative microbial activity in both water and sediment

samples. During the Elson Lagoon oiled tray experiment, we measured

these variables and the long-term effects of crude oil on these

variables. The results of these studies are reported and analyzed

in Section IV of this report.

E. Data storage.

A complete data set from the Beaufort Sea is located in the

following NIH data files:
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Summer 1975 188

August 1976 Glacier cruise 236

September 1977 “
II 307

September 1978 Northwind 309

.
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v. Discussion

A. Geographical differences.

When one compares the relative microbial activity observed in

the Beaufort Sea with similar observations made by us and others

in different regions, the rates are very close to rates measured

elsewhere. This is true even in regions where the mean water temperature

is much higher. This suggests to us that the microbial populations

in the Beaufort Sea are very well adapted to functioning in this

extreme environment. This supposition is supported by data collected

by Dr. Atlas (RU #29). He consistently finds more bacterial strains

growing on agar plates incubated at 4 C than those incubated at 15

C when he inoculates his plate with seawater or sediments collected

in the Beaufort Sea. Thus it cannot be assumed that metabolic

processes are inherently slow in the Beaufort Sea because the

temperatures are lower than those found in other regions.

Within the Beaufort Sea we did see regional differences in

microbial function. The offshore area near Barrow showed higher

levels of both nitrogen fixation and microbial activity than the

areas to the east. The same pattern was seen when we compared

relative microbial activities in the waters and sediments of inshore

samples collected in Barrow and Prudhoe Bay during the summer of

1975. The one exception to this is the area near Barter Island.

It is quite likely that these variations are related to the sedimentation

rates in these areas.

During the Prudhoe Bay study which was conducted landward of

the barrier Islands, we found that the relative microbial activity

was highest nearshore. In other studies where samples were collected
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seaward of the barrier Islands along tracks normal to the coast,

there was no consistent pattern of microbial activity along those

lines. These data suggest to us that nutrients become trapped

behind the barrier Islands.

system are probably from the

collected during the August,

Most of these nutrients entering the

major rivers as indicated by the data

1978 cruise (Figs. 21, 22, and 23).

The patterns of relative microbial activity

observed near the rivers is very similar to

Cook Inlet and Norton Sound. The region in

and respiration percentages

those observed in the

which this phenomenon

is best documented is in the Cook Inlet (see Section 1). In all

three areas where there is large plume of freshwater coming into

the environment, there is an region where the relative microbial

activity is very high and the respiration percentages are very low.

We feel that this indicates a significant nutrient input from

terrestrial sources. In these regions, the quality and quantity of

the nutrients available are such that the microorganisms are growing

very rapidly. This is reflected in high metabolic activity and high

production of bacterial biomass. This biomass, in turn, represents

a major nutrient source for organisms at higher trophic levels.

In total, these geographical trends suggest to us that the

areas landward of the barrier islands, particularly near the major

rivers, would be the place where crude oil would most profoundly

affect microbial function. As we will explain in detail in Section

IV, a crude oil spill in these areas could greatly effect the

overall productivity since we have shown that long-term exposure
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of sediments to crude oil can alter overall productivity in

several ways.

The other regional patterns that we have observed concern the

adaptation of natural microbial populations to the presence of

hydrocarbons. We have used two methods to determine if a population

of microorganisms had been exposed for an extended period of time

to hydrocarbons. The association between prior exposure and the

variables that we measure is based on the assumption that a microbial

population adjusts to the presence of crude oil. A more detailed

explanation is given in Section IV of this report.

If a natural microbial population is exposed to hydrocarbons,

then a greater portion of that population is capable of degrading

hydrocarbons. The more hydrocarbon degrading bacteria present, the

higher the crude oil biodegradation potential. This type of association

has been established in the Cook Inlet studies reported by Roubal

and Atlas (1978). Our study of Beaufort Sea sediments showed that

the biodegradation potentials were highest in the sediments collected

to the east of Prudhoe  Bay (Fig. 25).

The other method that we have used is the study of the acute effect

of crude oil on glucose uptake in Beaufort Sea sediments. Using

this approach, we have consistently observed that the microbial populations

in both waters and sediments that have not had a prior exposure to hydro-

carbons, show reduced rates of glucose uptake in the presence of crude oil

(Griffiths et al., 1980b). In samples where there is little or no

acute crude oil effect on glucose uptake, it can be assumed that
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this population has had prior exposure to hydrocarbons. In Cook

Inlet, we have observed essentially the same patterns using this

technique as those reported by Roubal and Atlas (1978). In the

Beaufort Sea, the area where we measured little or no acute effects

of crude oil on glucose uptake was to the east of Prudhoe Bay.

Since essentially the same results were obtained by two different

techniques, we must assume that the benthic microbial populations

in this region have been exposed to hydrocarbons. The most likely

source of hydrocarbons in this area is crude oil.

B. Seasonal differences.

Whenever we have compared relative microbial activity in

Beaufort Sea Waters seasonally, we have observed significant differences

summer and winter (January and April) rates. In the winter, the

activities are typically ten times lower than in the summer. We

have observed about the samk difference in our seasonal studies in

Kasitsna Bay (Section IV). “It is also of the same magnitude as the

seasonal changes reported

this seasonal fluctuation

the effects “of incubation

by Carney and Colwell (1976) who attributed

to temperature differences. Our study on

~emperature on apparent microbial activity

(Fig. 24) shows that the seasonal temperature changes could not

account for the seasonal differences that we have observed in the

Beaufort Sea. If temperature was the only factor involved, we

would anticipate a change by a factor of 2 instead of a factor of

10. An alternative explaination, is that nutrients are limiting in

the winter. Under winter conditions, there would be very little if

any terrestrial input and very little from phytoplankton until
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the first under-ice phytoplankton  bloom which often occurs in April

(Dr. Homer, personal communication).

If the observed seasonal differences were due to temperature

changes, we would expect to find essentially the same magnitude of

change in the microbial activity in sediments. This was not observed.

Typically, there was a 2 to 3 fold seasonal change in benthic

microbial activity. There is, of course, a larger reservoir of

nutrients in the sediments than is the overlaying water column.

There are undoubtedly enough nutrients in the sediments during the

winter months to keep the microorganisms active during this time.

The mineralization of nutrients during the winter months would

result in microbial biomass which could be used by benthic organisms

as a food source at a time when other food sources are minimal.

Busdosh and Atlas (1977) have observed that amphipods are very

active during the winter months in Elson Lagoon. It is possible

that these and other organisms obtain food (either directly or

indirectly) from microbial biomass during these months. Another

byproduct of nutrient mineralization by microorganisms is inorganic

nitrogen and phosphorous. These inorganic nutrients, which are

required by phytoplankton for growth, may accumulate during the

winter months as a result of detrital mineralization by bacteria.

The build-up of these nutrients in the winter may supply much of

the nitrogen and phosphorous required for the spring phytoplankton

blooms. We have observed that crude oil adversely effects this

mineralization process. It is therefore very likely that if crude

oil became incorporated into marine sediments, that the availability

of inorganic nutrients for phytoplankton growth may be significantly

reduced (see Section IV for details).
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A seasonal variation in the percentage of glutamic acid

respired was noted in seawater samples. In the winter, the average

percentage respiration in the water was higher than that found in

the summer. This shift in the percentage respiration could reflect

the quality and the quantity of nutrients available to the organisms

during these two seasons. During the winter months, the nutrient

concentrations are presumably low and there may be deficiencies in

growth factors required for biosynthesis. As a result, a larger

percentage of the utilized glutamic acid is used for the energy re-

quirements of the cells under nutrient-limited conditions and thus

is respired to C02 rather than incorporated into cell material.

This concept is supported by the percentage respiration data

collected in sediments. As shown in Table 13, the average percent

respiration was lower in the sediments than in, the water samples

during each of the three field-study periods. Nutrients are known

to be concentrated in the sediments. As a result, one would expect

to find a greater percentage of glutamic acid being incorporated

into cell material in bacteria growing in sediments.

Seasonal variations were also observed in nitrogen fixation

rates (Elson Lagoon oiled tray experiment). The lowest rates were

observed in the month of January. The highest rates observed were

in April and intermediate rates were observed in the summer. This

is a different seasonal pattern than that observed during the

Kasitsna Bay study (Section IV). In this study, the highest rates

were observed in November and the lowest rates in July. These

differences suggest that there may be basic qualitative and
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quantitative differences in the types and relative utilization of

sediments of these two regions. In other systems that we have

studied, an increase in nitrogen fixation rates usually indicates

the availability of a readily utilizable nutrient source with a

high carbon:nitrogen ratio. lt is possible that, in the Beaufort

Sea sediments, the conditions that are favorable for nitrogen

fixation do not occur until April, whereas in the sediments of Cook

Inlet, they take place in the late fall.

One curious aspect of the seasonal data collected during the

Elson Lagoon experiment was the unusually high relative microbial

activity associated with the control sediment during the April,

1978 field study. Unfortunately, we analyzed only one control

during that field trip. If the mean uptake rates are calculated

for all five samples (including the oiled samples which usually

have rates lower than the control) the values are 6.2 and 234 ng x

-1 x h-l
g for glucose and glutamic acid respectively. When compared

to the other seasonal glucose values observed in Elson Lagoon,

these are approximately the same as those observed in August, 1978

and it is 2 times greater than that observed in January, 1978

and 1979 (Table 15). The mean value for glutamic acid uptake was

greater in April 1978 than at any other time. This increased

benthic microbial activity comes at the same time as the highest

nitrogen fixation rates. We know from the water data that there

are no organic nutrients coming into the sediments via the water

column at that time. These data suggest that the detrital  food

chain is being activated in the spring. This is very different

from what we have observed in Kasitsna Bay. The net effect of this
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activity would be to provide a food source for the benthic community

prior to or in conjunction with the spring under-ice phytoplankton

bloom. It would also provide some of the inorganic nutrients

required for

nitrogen and

Another

that phytoplankton bloom by mineralization of organic

phosphorous.

set of variables that show distinct seasonal trends is

the total concentration of adenylates and the energy charge that is

calculated from the ratios of specific adenylate species (Table 41,

Section IV). Since all living things contain adenylates  this

assay is not specific for microorganisms. The total concentration

of adenylates (ATP + ADP + AMP) can be used as an index of total

biomass in the sample analyzed. In our experiments, no organisms

larger than 2

concentration

1979 the mean

mm were included. In August 1978, the mean adenylate

-1
in the controls was 164 nM xg dry wt . In January,

-1was 15 nM x g dry wt which was approximately 10

times less than that observed in August. This is a much greater

seasonal variation than that observed in Kasitsna Bay (Section IV).

From the adenylate  data one can also calculate an energy

charge value which should reflect the metabolic state of the

population (Wiebe and Bancroft, 1975). In general terms, &he higher

the ratio, the more metabolically active the population as reflected

by proportionally higher concentrations of ATP. The summer ratio

was approximately 4 times greater than that observed in the winter.

The seasonal difference in these ratios was also much

that observed in Kasitsna Bay. These data lead us to

the overall metabolism of the benthic community slows

greater than

conclude that

down much

more during the winter in the Beaufort Sea than it does in Cook Inlet.
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c. The role of

The sea ice

ecosystem in the

microorganisms in sea ice.

plays an important role in the function of the

Beaufort Sea but almost nothing is known about the

effects of freezing and thawing seawater on the natural microflora.

It was felt that these processes may have a profound effect on

nutrient recycling in these waters.

in the melted ice was compared with

surrounding seawater. It was found

tested showed activities as high or

the associated seawater (Table 11).

explanations for this observation:

The relative microbial activity

microbial activity in the

that 6 of the 8 ice samples

higher than that observed in

There are several possible

(1) the organisms that do

survive freezing are the ones that are most actively utilizing

glutamic acid, (2) there is a significant number of marine bacteria

that survive freezing and are able to grow so that there is not net

loss in activity, (3) many bacteria are not actually frozen but are

concentrated into highly saline pockets of water within the ice.

Of these possibilities, the latter seems the most likely.

It is currently thought that when seawater is frozen, small

pockets of highly saline seawater remain throughout the ice. It is

quite likely that nutrients and bacteria are also concentrated in

these saline pockets. One study has been made of the number of

colony-forming units (CFU) found in ice cores taken in Beaufort Sea

ice (R. M. Atlas, personal communication). It was found that the

bacterial populations showed a high degree of patchiness throughout

the core. These data tend to support the above concept. If the

bacteria are concentrated in highly saline pockets, the high salinity

itself may afford some degree of freeze-injury protection.
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Salinity profiles of waters in the Beaufort Sea (taken when

there was a significant icepack melting) showed a shallow lens of

brackish water at the surface of the water column. These waters

showed relative microbial activities and bacterial cell concentrations

that were as high or higher than that found in the much more saline

waters at 15 m (Table 12). This along with the seawater dilution studies

shown in Table 11 suggest that the freshwater input from melting

sea ice does not significantly alter the parameters studied.

D. Effects of crude oil and the dispersant  Corexit 9527 on

microbial function.

The results of both short-term and long-term exposure experiments

conducted in the Beaufort Sea are reported and analyzed in Section

IV of this report. There were, however, several basic differences

observed in long-term effects of crude oil between the Elson Lagoon

and the Kasitsna Bay studies that need to be stressed. The long-

term effects of crude oil took much longer to be expressed in

Beaufort Sea sediments than in Kasitsna Bay sediments. Reduced

microbial activity was observed in sediments exposed to crude oil

for only 5 weeks or less in Kasitsna Bay. It took up to a year

before Elson Lagoon sediments showed the same shift. The same was

true with percent respiration changes. From this, it seems quite

likely that the effects of crude oil should last longer in Beaufort

Sea sediments than in sediments from Cook Inlet.

In the Kasitsna Bay study, we found that the rate of nitrogen

fixation can be depressed by 50-95% in oiled sediments. This

change required only a few days exposure before measurable changes
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could be found. We have not observed a consis~ent  reduction in

nitrogen fixation rates in oiled Elson Lagoon sediments. Haines et

al. (1980) have reported that denitrification rates are depressed

in oiled Elson Lagoon sediments. It appears from their data, that

the step affected involves the oxidation of ammonium ion to nitrite.

This observation has serious implications relative to the overall

impact of crude oil in Beaufort Sea sediments since vitrification

is required to convert fix nitrogen in the form of ammonia to

nitrate.

VI. Needs for further study

We feel that most of the cruise data (offshore) that is required

for crude oil impact assessment has been collected. This is not true of

the inshore areas, especially inshore environments near the major rivers

and landward of the barrier islands. We feel that there is a very

definite need for intensive study of microbial processes in the inshore

sediments; especially those functions that relate to primary and secondary

productivity. This would include both seasonal field studies and long-

term effects studies. We have collected some of these data during the

Elson Lagoon study; however, this study has not been comprehensive

enough in terms of numbers of samples and geographical representation.

We feel that a study of areas adjacent to one or two major rivers along

the North Slope would be essential in defining the dynamics of microbial

function and the potential effects of crude oil on those essential

processes.

There are also some preliminary studies which could be conducted in

areas that have already been impacted by crude oil; i.e. the oiled plots

used by Dr. Dave Mason (RU #356) during the study “Environmental assessment
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of selected habitats in the Beaufort and Chukchi Sea littoral systems”.

Such a study would increase our knowledge of long-term crude oil effects

in at least two diverse locations. These data would provide

a good basis of comparison with what we have observed in Elson Lagoon and

Kasitsna Bay.

One issue that has not been addressed at all in che Beaufort Sea is

the effects of drilling muds on benthic microbial function. There are a

number of components of drilling mud which could adversely affect a

wide range of microbial functions and one component (paraformaldehyde)

which would stop all microbial activities; that is why it is placed in

drilling muds. A study of drilling mud effects could be conducted using

the same methodologies that we are using to assess crude oil and dispersant

effects.
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NORTON SOUND

Section III

I. Summary of objectives, conclusions, and implications with respect

to OCS oil and gas development.

A. Objectives.

Our main objective during the July 1979 Norton Sound cruise

was to determine if the microorganisms in areas near the gas vents

in Norton Sound showed altered activity which would indicate the

presence of petroleum hydrocarbons. There had been a study conducted

in this area by Cline and Holmes (1977) which indicated there might

be a natural seep of petroleum hydrocarbons in the Norton Sound,

south of Nome, AK. We were to coordinate our research efforts with

those of Drs. Cline, Kaplan, Feeley, and Atlas. In addition, we

were to conduct measurements of relative microbial activity in both

water and sediment samples and measure rates of nitrogen fixation

in this region. There had not been any previous 8tudies of microbial

function in Norton Sound, thus we were to provide information to

help fill a significant data gap that had existed in this region.

It was important to obtain these data since it was assumed that a

significant terrestrial nutrient imput was coming into this area

from the Yukon River.

B. Conclusions and implications.

1. Data collected by Dr. Atlas, Dr. Cline, Dr. Kaplan, and our-

selves indicate that the gas seep south of Nome that had previously

been reported by Cline and Holmes (1977) did not contain significant

levels of petroleum hydrocarbons. In fact, Kaplan, who was studying

heavy hydrocarbons in the sediments of Norton Sound, did not find

537



any evidence for the presence of petroleum hydrocarbons in this

whole area. Our data did not show any consistent patterns of

reduced acute crude oil effects in either the waters or the sediments

of this area (reduced acute effects in this application would

indicate prior exposure to petroleum hydrocarbons).

2. Patterns of relative microbial activity and percent respiration

show that there is a significant input of terrestrial carbon coming

from rivers flowing into Norton Sound. The same patterns were

observed here as we have seen in both Cook Inlet and Beaufort Sea

where there is a significant freshwater input from a large landmass

drainage. Similar patterns were also seen in the relative microbiai

activities in the sediments.

3. During the October 1980 Norton Sound Synthesis Meeting held in

Anchorage, there was a large amount of data presented by the benthic

ecologists and mammologists (Feder and Burns) which indicate that

there is a substantial population of organisms which are totally

dependent on the detrital food chain for food. This is particularly

true of the organisms that overwinter in this area. If crude oil

settles into the sediments of this region as a result of a spill,

we would predict that much of this food source would no longer be

available to these organisms.

4. The sediments along the north coast of Norton Sound showed the

highest nitrogen fixation rates. If crude oil became incorporated

into sediments in this area, the most significant rates of nitrogen

fixation in Norton Sound would be affected.
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II. Study area

During this cruise, we collected 62 water and 35 sediment samples

at the locations illustrated in Fig. 29.

III. Methods

The methods used during this cruise were essentially the same as

those described in Section I of this report.

Iv. Results

A. Relative microbial activity

1. The mean values for relative microbial activity using both

glucose and glutamic acid in the waters and sediments

Sound were generally higher than that observed in the

during two cruises (Table 16). These differences are

of Norton

Beaufort Sea

not considered

significant, however, because most of the locations sampled in the

Norton Sound were in the unusually active region associated with

Yukon River terrestrial carbon input. If we compare the relative

microbial activity in Norton Sound with similar areas in the Beaufort

Sea where there is terrestrial carbon input from major rivers,

there is very little difference. The same general statement can be

made when comparing Norton Sound data with that collected in the

Cook Inlet (see Table 2, Section I).

2. Geographical distribution.

In the Norton Sound, we have seen the same patterns of relative

microbial activity and respiration percentages that we observed in

areas of major terrestrial carbon input in both Cook Inlet (Section

I) and in the Beaufort Sea (Section II). The patterns of surface

water salinity (Fig. 30) show that there are two major water masses

in the area. One of these water masses has
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Table 16. Comparison of microbial uptake rates for Norton Sound and Beaufort Sea summer water and
sediment samples.

Location

Norton Sound

Beaufort Sea

Beaufort Sea

Water Sediment

Glucosel Glutamatel Glucosez
Glutamatez

mean range mean range mean ran ge mean rang e

Jul 1979 12 1.1-110 19 1.5-182 28 0.1-154 127 3-1063

Aug 1976 5 1-13 8 0.5- 24 4 1-15 80 20-180

Aug 1978 7 1-44 14 1-14 9 1-24 96 7-262

1- ng/1/hr

ul2- ng/g dry wt/hr
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to open ocean water that we have studied in the past. This water

mass was found in a region which was within a 75 mile radius from

the eastern tip of St. Lawrence Island. These waters showed high

salinity, low relative levels of microbial activity and high respiration

percentages in the microbial populations (Figs. 31 and 32). The

waters analyzed at the other locations showed the reverse pattern.

The lower salinities and higher relative levels of microbial activity

show the impact of the freshwater input from the Yukon River (a

major feature of the Norton Sound). A statistical analysis of the

relationship between salinity and relative microbial activity

indicates that there is an inverse relationship that is significant

at the p<O.0005 level. The highest levels of microbial activity

were observed in freshwater from the Yukon River.

If the water samples that are associated with the high salinity

to the west (group A) and the water associated with the low salinity

(group B) are compared, the differences become apparent. The mean

rate of glucose uptake in group A was 1/2 that of group B but the

significance of this difference for 47 samples was only P = 0.068.

If the same comparison is made with the respiration percentages

measured at the same time, the mean value for group A was 38% and

the mean value for group B was 24%; a highly significant difference

with a p - level = 0.000004.

In this region, there are also two water masses which form

during the summer months in Norton Sound. A colder and more saline

layer is located a few meters from the bottom and another layer on

top of this extends to the surface. We found the mean rate of

glucose uptake (relative microbial activity) to be twice as high in

the bottom waters as that observed in the overlaying waters. This
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comparison Was made at 14 locations and the significance of this

difference was at the p = 0.02 level.

There were also geographical trends found in glucose uptake

rates in the sediments of Norton Sound (Fig. 33). With the exception

of the sample collected at station 41, the highest rates were

observed in sediments collected in the fine-grained sediments in

eastern Norton Sound.

B. Nitrogen fixation in Norton Sound sediments.

The mean nitrogen fixation rate observed during this cruise

was approximately equal to that observed in the Beaufort Sea, but

it was significantly lower (roughly 1/2 the rate) than that observed

in the Shelikof  Strait (see Table 4 in Section I). The highest

rates of nitrogen fixation were observed along the north coast

(Fig. 34). ‘

c. Crude oil effects studies.

During this cruise, we measured the acute effect of crude oil

on the uptake ‘of glucose in both water and sediment samples (Figs.

35 and 36). The percent reduction in glucose uptake was determined

by comparing the uptake rates’of control samples with those exposed

to crude oil. No significant geographical trends were noted.
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v. Discussion

The patterns of relative microbial activity, respiration percentages,

and nitrogen fixation rates all suggest that there is a significant

input of terrestrial carbon into Norton Sound. The relatively high

microbial activity found in Norton Sound surface waters are an indication

of this carbon input. The low respiration percentages in these waters

suggest that the microbial population is actively growing because pro-

portionately more of the carbon that is being utilized by the microorganisms

is being incorporated into biomass than is respired as C02.

If the natural rates of nitrogen fixation are compared with de-

nitrification rates (Table 5, Section I), it can be seen that the de-

nitrification rates are much higher. It is felt that this condition

reflects the input of exogenous organic carbon into the system. The

high rates of microbial activity in the center and eastern end of Norton

Sound could also reflect the input of exogenous carbon. In the Norton

Sound, the most likely source of the organic carbon would be the Yukon

River; although local input from the Yukon delta and the other rivers

present may also contribute significant quantities of carbon as well.

The high microbial activity in the bottom waters of Norton Sound

probably reflect the release of organic carbon from the sediments or a

suspension of particles from the sediments. This is another case in

which a distinct water mass can be characterized by measuring microbial

function.

R. Feely has observed that the regions where most of the fine grained

sediments from the Yukon River settle within Norton Sound are the same

areas where we observed the highest relative microbial activity (see his
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final report). This suggests that there is a significant input of

detrital material from the Yukon River which is actively being utilized

by benthic microorganisms. H. Feder has observed that. a large portion

of benthic organisms found in the Norton Sound are detrital  feeders

(final report). During the October 1980 Norton Sound synthesis meeting

held in Ancorhage,  it was also mentioned by J. Burns that many of the

mammals’ that come into Norton Sound feed on the detrital feeding benthic

organisms found there. In addition, it was suggested that juvenile

shrimp, crab and salmon also depend heavily on detritus as their main

food source. In addition, all organisms that overwinter in the Norton

Sound would depend exclusively on detritus (bacterial biomass) for food

during

taking

Sound,

the winter months since there is essentially no primary productivity

place at that time. These observations suggest, that in Norton

organisms at all

food chain. As we will

that most of the carbon

trophic levels are dependent on the detrital

outline in Section IV of this report, the fact

coming into this system is probably terrestrial,

suggests that most of the carbon must be cycled through bacterial biomass

before it can be utilized by higher trophic levels.

As we have also reported in Section IV, there is strong evidence

that the detrital  food chain is very sensitive to perturbation by crude

oil. We therefore suggest that if crude oil does get into the sediments

of Norton Sound, there will be a reduction in the overall productivity

of the region for an extended period of time.

One of the basic assumptions on which this cruise was based was

that there was a petroleum seep in the Norton Sound. The methods that

we used to determine chronic exposure of microbial populations to petroleum
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hydrocarbons showed no consistent patterns which would indicate the

chronic input of petroleum hydrocarbons. Using a different methodology,

Dr. Atlas also came to the conclusion that there were no chronic inputs

of petroleum hydrocarbons. The recent studies conducted by the hydrocarbon

chemists also support this conclusion.

VI. Needs for future research

The data collected during this cruise should be considered as a

small part of a much larger study that needs to be conducted in the

Bering Sea. At the present, there is very little known about the microbial

processes in the Bering Sea and how they related to the overall ecology

of the system.

This is a very important region for a number of reasons. First,

there are a large number of proposed oil-lease tracts in the Bering Sea;

several of which have high potential for the production of significant

amounts of petroleum hydrocarbons. Second, this area is a major fishery -

both bottom fish and crab - which is supported by a detrital food chain.

At this time, we do not know what impact petroleum production and transportation

will have on critical microbial processes in this system. Third, the

Bering Sea represents a transition between the Beaufort Sea and Cook

Inlet. We currently have data that crude oil affects various microbial

processes in different ways when comparing long-term effects in Beaufort

Sea and Cook Inlet sediments.

At this time, the St. Georges Basin in the southern Bering Sea would

appear to be the region which should be given the highest priority.

It has been concluded by the investigators involved in the PROBES study

in this region, that the benthic detrital food chain is one of the most

important features of this highly productive region (Iverson et. al, 1979).
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Although it is now knows that bacterial biomass is the key component of

detrital food chains in general , no direct observations of microbial

function in this region have been made during the PROBES work and very

few observations have been made during the course of the OCSEAP work in

this region. Because of the potential importance of mcirobial function

to the productivity in this area and the potential impact of crude oil

on these processes in the case of a major spill, we recommend that the relative

importance of key microbial processes be documented in the sediments and

water column of the St. Georges Basin.

Although, at this point, we could hypothesize that these sediments

may respond to the impact of crude oil in a way similar to Kasitsna Bay

sediments; we recommend that both comprehensive cruise data and oil effects

data be collected in the Bering Sea to determine the specific magnitude

of such an impact.
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EFFECTS STUDIES

Section IV

I. Summary of objectives, conclusions, and implications with respect

to OCS oil and gas development.

A. Objectives.

Our main objectives in these studies were to determine what

effects crude oil and the crude oil dispersant Corexit 9527 have on
.

major microbial functions in the waters and sediments of the Beaufort

Sea, Norton Sound, and Cook Inlet. Due to time and technical

constraints, we had to restrict our studies to short-term effects

during the cruises in these areas. During these cruises, however,

we were able to collect baseline data which would enable us to

evaluate the potential impact of crude oil perturbations in various

regions.

Two major studies were initiated to define the long-term

effects of crude oil on microbial activities. One of these studies

was initiated in Elson Lagoon (Beaufort Sea) in July 1977 and the

other

These

crude

was initiated in February 1979 at Kasitsna Bay (Cook Inlet).

studies were designed to evaluate the long-term effects of

oil and Corexit on relative microbial activity, nitrogen

fixation rates, denitrification rates and respiration percentages.

B. Conclusion and implications.

1. We have found a broad range of both short-term (less than 24

h) and long-term (up to 2 years) effects of crude oil on major

microbial functions.

2. Both crude oil and Corexit had an adverse (short-term) effect

on relative microbial activity in water and sediments. When both

of these were added in combination, the effects were even more
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dramatic. The net effect of these perturbations was to place the

microorganisms under stress which would undoubtedly reduce the

species diversity of the organisms present over a period of time.

When pelagic microorganisms were exposed to Corexit or crude oil

for longer periods of time (4 to 5 days), the initial depression in

microbial activity was essentially eliminated. Although there are

problems in interpreting the results of this type of experiment, it

did appear that Corexit or fresh crude oil did not suppress growth

of those heterotrophic microorganisms that could utilize and mineralize

glucose. From these observations, it would appear that at least

this function in marine waters is not reduced after longer exposure

to these pollutants.

3. Long-term exposure of marine sediments to crude oil altered a

number of important functions. These included reduced microbial

activity, increased respiration percentages, decreased bacterial

biomass, decreased total biomass, reduced metabolic activity by

benthic organisms, decreased nitrogen fixation rates, decreased

denitrification rates, increased production of C02 and methane,

increased sediment surface acidity and decreased surface redox

potentials

activities

(reduced 02 levels), decreased infaunal  burrowing

and increased accumulation of detri.tal particles on the

sediment surface.

In addition, the activities of various enzymes were also

altered by the presence of crude oil. Arlysulfatase,  phosphatase,

cellulase, laminarinase  and chitobiase  activities

che presence of fresh crude oil while amylase  and

were increased.

were depressed in

alginase activities
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4. The implications of these changes are described in detail

under “Discussion” in this section. The major implications are

that exposure of sediment to crude oil can act to reduce both

primary and secondary productivity of the whole system over an

extended period of time (years). A minimum reduction in overall

productivity of 25% would be expected in areas where sediments

contained 1 ppt fresh crude oil or more. In addition, the chemical

composition of the sediments surface is altered so that normal

recruitment of benthic organisms into the impacted area will also

be altered for an extended period of time. This condition could

well extend past the time when the direct toxic effects of the

crude oil are no longer a factor in killing, injuring or repelling

the organisms.

5. At least two important reactions in the nitirogen cycle are

adversely affected by the presence of crude oil; nitrogen fixation

and denitrification. Nitrogen fixation appears to be particularly

susceptible to the effects of crude oil and as such would be a very

important variable to measure in environmental impact

oil spills.

Such studies should also include measurements of

studies of

relative

microbial activity and respiration percentages. In addition,

concentration determinations should be made for compounds which are

associated with anaerobic fermentation; ‘“e” ‘2s’ ‘ethane’ and

ammonia. Measurements of oxygen concentrations in interstitial and

interface waters would also be helpful.

6. We feel that the altered functions that we have observed would

occur under actual spill conditions.
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We have conducted studies in which the effects of various

concentrations of fresh crude oil on benthic microbial processes

have been observed. The results of these studies indicate that

many of the changes that we have observed a~ the relatively high

concentration of 50 ppt also occur at 1 ppt and even at concentrations

as low as 0.1 ppt. Unfortunately, the types of measurements that

we are conducting in our studies have rarely been conducted in

studies of actual oil spills; however, where these observations

have been made, they correlate well with our findings.

7* We have concluded that every effort should be made during the

planning of crude oil production and transport to reduce the risk

of incorporating crude oil into marine sediments. This would also

apply to procedures used to clean up an oil spill as well. This

could possibly lead to some difficult choices during the control of

a crude oil spill. It can no longer be assumed that one of the

main objectives of control is to remove the slick from the surface

of the water. If this is done by driving the oil into the water

column and then into the sediments, the risk of killing birds and

mammals will have to be weighed against the possible reduction in

the food supply for all organisms present for many years.

8. Of the areas that we have studied, the inshore waters of the

Beaufort Sea and Kachemak Bay in Cook Inlet would appear to be the

most vulnerable. We feel that the Beaufort  Sea is particularly

vulnerable since it appears that the effects will last longer there

than in other areas we have studied; i.e. Cook Inlet. Also, this

area may be more dependent than other areas on bacterial regeneration

of the inorganic nutrients required for the spring phytoplankton
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bloom. In Kachemak Bay, the major carbon input is thought to come

from macrophytes and land plants. Most of this material must be

cycled through the detrital food chain and is thus susceptible to

crude oil perturbation.

One area that we have not studied that could be severely impacted

by crude oil perturbation is the St. Georges Basin in the southern

Bering Sea. There is evidence that suggests that bhe highly

productive fisheries in the region is dependent to a large degree

on the detrital food chain for its food.

II. Study areas.

Samples for the short-term effects studies conducted during cruises

were collected at the locations shown in previous sections. The long-

term crude oil effects study in Elson Lagoon was conducted at a location

approximately half way between stations 2 and 3 shown in Fig. 16 of

Section II. The sample used in the Kasitsna Bay study was collected at

the location in Kasitsna Bay shown in Fig. 37.

III. Methods

Except for the procedures described below, the techniques used in

these studies were the same as those described in Section I and 11 of

this report.

A. Sample collection and manipulation. Sediment was collected

from the bottom of Kasitsna Bay (35 - 50 m) using a pipe dredge.

Combined dredgings were mixed in 120 liter plastic containers and

treated with various concentrations of crude oil as listed below.

Subsamples  of the treatments were placed in a plexiglass trays

(30.5 x 30.5 x 10.2 cm) and positioned on the bottom of Kasitsna

Bay in 20 m of water by SCUBA divers. The trays were cwered with
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plexiglass lids to reduce sediment washout during raising and

lowering. Since the analysis of the trays took approximately two

days, the trays were kept in a trough through which fresh seawater

was circulated at a rate of eight liters per minute. This kept the

sediments at in situ temperature and insured the replenishment of——

dissolved gases. Subsamples  for assays were removed from the trays

using a 50 ml plastic syringe with the end of the barrel removed.

Five to seven of the resulting cores were combined in a 500 ml

plastic jar and then vigorously shaken to form a homogeneous sediment

slurry.

1. Initial experimental

triplicate trays (8 liter

treatments consisted of preparing

sediment volume) with untreated

sediment and sediment mixed with Cook Inlet Crude to

final concentration of 50 ppt (v/v). To examine the

a dispersant, duplicate trays were prepared with and

g i v e  a

effect of

without

crude oil and with either 50 or 500 ppm final concentrations

of Corexit 9527 (Exxon).

Subsamples  of the treated sediments used in the tray

experiments were also placed in aquaria. Four aquaria were

set up with one each containing non-treated, crude oil (5O

ppt), crude oil and 50 ppm on Corexit 9527, and crude oil and

50 ppm Corexit (32 liter sediment volume). Ten cm high plexiglass

dividers were placed across the bottom of the aquaria to make

two sections which could be sampled separately. Fresh seawater

was supplied at one end of each aquarium and removed at the

other end by a constant-level siphon system which replaced the
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volume four to six times each hour. The seawater flow system at

the laboratory consisted of a stainless steel pump located 125 m

offshore. The only materials that the seawater came in contact

with were PVC plastic, natural latex rubber tubing, nylon, and

stainless steel.

2. Concentration series and oil overlay experiments using both

fresh and weathered crude oil were replicated in either one liter

plastic freezer containers or trays respectively. The weathered

crude oil was prepared by floating fresh crude oil on seawater

exposed to outdoor conditions for six weeks and then skimming off

the residue. Fresh oil concentrations used included 0.01, 0.1,

0.5, 1.0, 5,0, 10 and 50 ppt. Weathered oil experiments were

conducted using 1.0 and 50 ppt concentrations.

Fresh and weathered oil overlays were constructed by adding

eight liters of homogeneous sediment to duplicate trays and then

overlaying with one liter (approximately 1 cm thickness) of sediment

with either 50 ppt fresh or weathered crude oil. In August 1979,

the two aquaria with Corexit treatments were terminated and replaced

with a control and 50 ppt weathered crude overlay of the same

proportions as the tray experiment.

3. Studies of sediments augmented with organic nutrients were

established at several different intervals. Initial studies were

performed in trays divided into four equal sections with plexiglass

dividers. Each quadrant contained a different nutrient amendment:

none; 5% (w/v) Cerophyl (dehydrated cereal grass leaves obtained

from Cerophyl  Laboratories, Kansas City, MO, USA); 5% unmodified

wheat starch (Sigma); and 5% chitin (Sigma). Tray treatments
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consisted of control, 50 ppt fresh crude oil, and crude oil with

either 50 or 500 ppt Corexit.

Later experiments were run in 300 or 500 ml plastic jars with

2% (w/v) concentrations of cellulose, starch, chitin,  raw seaweed

(Alaria sp., dried and ground to pass a 0.5 mm sieve), and gelatin.

All were run with and without fresh crude oil at 50 ppt.

4. Additional tray experiments were established at the head of

Sadie Cove and Tutka Bay, and in Mud Bay behind the Homer Spit (Figure

37), and at Elson Lagoon near Point Barrow using sediments from those

locations. Sadie Cove and Tutka Bay duplicate trays were treated

with either 50 ppt fresh or weathered crude oil in addition to controls.

A nutrient amended tray set with control and 50 ppt fresh crude oil

was also placed at Sadie Cove. Mud Bay treatments included duplicate

trays with either 50 ppt fresh or 1 ppt weathered crude oil; and a

set of nutrient amended jars with seaweed, alderleaves,  and sawdust.

B. Procedures for assaying the effects of crude oil and Corexit

on relative microbial activity.

1. The assays were conducted in essentially the same way as

those described in Section I using the following isotopes:

14C-Glucose - 291-336 mCi/mM, 5-6 pg/L

14C-Glutamate 285 mCi/mM, 5 ug/L for water; 10 mCi/mM,

150 pg/L for sediment dilutions

14C-Acetate 57.8 mCi/mM, 5 vg/L

14C-Glycollate 35 mCi/mM, 11 ug/L.

2. The acute effects of crude oil and Corexit 9527 were measured

by adding various combinations of 10 @ fresh crude oil and
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15 or 50 ppm Corexit to replicate 10 ml portions of either seawater

or sediment dilution. In assays where both oil and Corexit

were used, the dispersant was added aftier the crude oil. The

effect of low-level Corexit exposure on glucose uptake and

respiration was determined for final dispersant  concentrations

1, 5, 10, 15, and 20 ppm.

3. Intermediate term effects of Corexit on relative microbial

activity were assayed by incubating seawater and sediment

dilutions with 50 ppm Corexit for up to 14 hours at in situ——

temperature, At various intervals, replicate 10 ml portions

were assayed for glucose uptake activity (l-2 hour incubation).

Interactions of various nitrogen and phosphorus nutrients

with Corexit effects were examined by adding combinations of

50 mM glutamate, 5 or 500 UM NH4C1, and 0.5 UM Na2HP04.

The treatments were also challenged with 10 ~1 fresh crude

oil and/or 50 ppm Corexit.

4. The water-soluble fraction of Cook Inlet Crude oil was

prepared by slowly shaking 5 ml oil in one L filter-sterilized

seawater at 10”C for 48 hours and then siphoning off the non-

oiled subsurface water. The aqueous phase was then re-

sterilized by filtration. Five ml of various dilutions of

aqueous phase and sterile seawater was mixed with 5 ml of either

fresh seawater or sediment dilution and assayed for glucose

uptake in the normal manner.
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c. Enzyme Assays

1. Arylsulfatase  and phosphatase  determinations were conducted

using modifications of techniques originally described by

Tabatabai  and Bremner (1969, 1970). These assays are based

on the enzymatic release of p-nitrophenol  from the appropriate

chromogenic substrate. To one ml of sediment slurry was added:

one ml 30 ppt Rila Marine Mix - 0.05 MTris buffer, pH 7.5;

and one ml of either 0.006 M p-nitrophenylphosphate or 0.006

M-p-nitrophenylsulfate (Sigma) in buffer. Substrate and sediment

blanks were run by omitting either the sediment slurry or the

substrate. The reaction mixture was incubated at the original

in situ temperature for one.—

ml 0.5 N NaOH and 0.5 ml of

centrifuged and the optical

hour and then terminated with two

0.5 M CaC12. The sample was then

density of the clear supernatant

at 410 nm was measured to determine the amount of p-nitrophenol

released. A calibration curve was prepared using dilutions of

10 MM per ml p-nitrophenol  (Sigma). Samples with oil required

two centrifugations to eliminate spurious turbidity due to oil

droplets. Final results were calculated as pmoles p-nitrophenol

-1 -1
released x gram dry weight x hour .

2. Chitobiase determinations were run identically to arylsulfatase

and phosphatase except the substrate was 0.006 M p-nitrophenyl-N-

acetyl-t3-D-glucosaminide (Sigma) and the incubation time was

four hours.

3. Polysaccharide  hydrolase assays were based on the calorimetric

determination of reducing sugars enzymatically released from

appropriate substrates. To three ml of sediment slurry was
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added three ml 30 ppt Rila Marine Mix - 0.05 M Tris buffer

containing one of the following: 1% soluble starch, 1%

carboxymethylcellulose,  0.5% laminarin or 0.5% sodium alginate.

Three tenths ml of toluene was added to limit microbial metabolism

during the assay. Substrate and sediment blanks were run by

omitting either the sediment slurry or the substrate. The

reaction mixture was incubated at the original in—

for 24 hours and then centrifuged. Two ml of the

supernatant was added to two ml of DNSA reagent.

situ temperature

resulting

(This reagent

was prepared by dissolving one gram of 2,5-dinitrosalicylic

acid (Sigma) in 20 ml 2 N NaOH, adding 30 ml distilled water

followed by 30 grams of sodium pobassium tartrate, and then

bringing the

led water).

placing in a

solution to a final volume of 100 ml with distil-

The DSNA - supernatan~ mix was developed by

boiling water bath for 10 minutes and then cooling.

The mixture was centrifuged to remove precipitant and the

optical density at 540 nm measured to determine the reducing

sugar (as glucose) content. A calibration curve was prepared

using dilutions of one mg per ml glucose solution. Final

results were calculated as Vg glucose (or equivalent) released

x gram dry weight
-1

D. Redox potential and

Oxidation-reduction

(pH) were measured at in—

-1
x hour ,

pH measurements.

potential (mV) and hydrogen ion concentration

situ temperature on the surface and in the

bottom third of undisturbed samples using platinum redox and pH

electrodes (Orion) respectively. The redox electrode was calibrated

using two buffer solutions: 0.1 M K4Fe(CN)6 + 0.05 M K3Fe(CN)6 for
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+192

+258

E.

mV and 0.01 M K4Fe(CN)6 + 0.05 M K3Fe(CN)6 + 0.36 M KF and for

mV.

Primary productivity rates.

Primary productivity was measured as the uptake of 14C-HC03-

by the method of Strickland and Parsons (1972). Samples were

incubated with 5 ~Ci bicarbonate (New England Nuclear) for three to

six hours at water surface temperature and light levels. Alkalinity

was determined as 810 X salinity (R. Homer, personal communication).

Final results were calculated as mg carbon fixed x m-3 -1
x hour .

F. Denitrification.

Denitrification rates and potentials were measured by assaying

N20 released when a sample was incubated anaerobically with the

normal endproduct formation (Nz) blocked by acetylene; a technique

described by Balderston et al, 1976 and adapted to marine systems

by S4rensen 1978, Our procedure consisted of placing ten ml of

sediment slurry in 60 ml serum bottles which were sealed rubber

3
closures and flushed with argon at ten cm per second for one minute.

Ten ml of the 50 ml headspace was replaced with acetylene. De-

nitrification rates were measured by incubating at in situ temperature.—

for ten days and then terminating with one ml formalin. Denitrification

potentials were measured by adding one ml 0.01 M KN03 and for 24

hours before termination. All samples were sealed with silicon

rubber cement and returned to O.S.U. for gas analysis.

N20 was quantified on a Hewlett Packard model 5840A gas chromatography

using an electron capture detector after separation at 50°C on a

6.1 m x 0.3 cm diameter stainless steel column packed with 50/80

mesh Popopak  Q (Waters Associates). The carrier gas was a mix of
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95% argon and 5% methane flowing at 30 cm3 per minute. A unit per

area calibration was prepared using 100 ppm N20 (Alltech Associates).

Final results were calculated as ng N2 (as N20) released x gram dry

-1 -1
weight x hour .

..,.:
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IV. Results

A. Short-term effects of crude oil and/or Corexit 9527 (24 hrs or less).

1. Crude oil.

a. Effects of relative microbial activity.

Me have studied the effects of Alaskan crude oil on 215 water

and 162 sediment samples callected  from three very different regions

along the Alaskan coast. These are all areas which

be impacted by crude oil as the result of crude oil

transportation. One of the goals of this study was

could potentially

production and

to determine if

the presence of crude oil would alter microbial function in these

diverse marine environments. It was found that in the 7 field

studies where the effect of crude oil on uptake of labelled

glucose by pelagic microorganisms was analyzed, there was a statistically

significant difference between the treated and non-treated samples

(Table 17). The range in the mean percent reduction values observed

for glucose uptake rates was from 37 to 58%. The statistical

significance of these differences ranged from p<O.035  to p<O.00001.

In seven out of eight of the field studies where sediment samples

were analyzed, there was also a statistically significant difference

between glucose uptake rates in treated and non-treated sediments

(Table 17). The mean percent reduction values observed in the

sediment samples ranged from 14 to 36%. The differences in the

mean values observed (when comparing different regions) are probably

not significant since the range in values observed at one location

(Kasitsna Bay) were comparable. Even though both pelagic and

benthic microorganisms were affected by the presence of crude oil,

the benthic microorganisms were affected to a lesser degree. The
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Table 17. Percent reduction of glucose uptake rates in microbial populations exposed to
crude oil.

f
*

Sample SD n range p<

Water

Beaufort Sea, September, 1978 52 20 40 -8 - 88 0.0001
Cook Inlet, April, 1978 45 30 32 -43 - 86 0.01
Cook Inlet, May, 1979 58 20 47 -22 - 92 0.0005
Norton Sound, July, 1979 57 15 60 18 - 82 0.0001
Kasitsna Bay, February, 1979 37 13 7 22 - 83 0.012
Kasitsna Bay, April, 1979 58 16 6 36 - 72 0.035
Kasitsna Bay, July, 1979 56 11 23 0 - 7 2 0.0001

Sediment

Beaufort Sea, September, 1977
m4 Beaufort Sea, September, 1978
0 Cook Inlet, April, 1978

Cook Inlet, May, 1979
Norton Sound, July, 1979
Kasitsna Bay, February, 1979
Kasitsna Bay, April, 1979
Kasitsna Bay, July, 1979

035
32
14
29
36
25
16
30

18
22
32
42
22
14
13
12

20
34
14
14
34
12
11
23

0 - 6 5
0 - 6 8

-73 - 35
-52 - 78

1 - 73
0 - 4 9

-2 - 42
0 - 7 2

0.002
0.001
NS
0.048
0.0001
0,01
0.01
0.0001

0 = C02 data only.
* = level of statistical significance between treated and non-treated samples.
NS = not statistically different at the p<O.05’level.



significance of that difference is not known; perhaps the benthic

microorganisms are more consistently exposed to biogenic hydrocarbons.

We wanted to determine if a similar crude oil effect might be

observed if an amino acid was used as a substrate in the hetero-

trophic potential method, During the 1978 Cook Inlet cruise, the

same experiment was conducted on 35 water and 7 sediment samples

using labelled glutamic acid. The mean percent reduction observed

was 33 and 18 respectively. The difference in uptake rates between

treated and nontreated water samples was significant at the p<O.0003

level but the difference in the sediment samples was not statistically

significant. It can thus be said that, at least in pelagic microbial

communities, the effect of crude oil on heterotrophic rates is not

limited to glucose uptake and respiration.

Since the single concentration method (Griffiths et al., 1977)

was used to

populations

differences

measure changes in uptake and respiration rates in

exposed to crude oil, it could be argued that the

observed might have been caused by some component or

components of the crude oil which are competing for the same transport

mechanisms that are being used to take up both glucose and glutarnic

acid. In order to determine if this is the case, we elected to use

the Wright and Hobbie (1966) technique for measuring uptake kinetics.

By using this technique the maximum potential uptake rate (Vmax),

the turnover time required to utilize all of the naturally occurring

substrate by the microbial population (Tt) and transport constant

plus the natural substrate concentration (Kt+Sn) can be calculated.

If some component of crude oil is being transported into the cells

via the same mechanism as glucose, the Vmax value should not change
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but the Tt

effects of

on 6 water

and the KtSn values should increase. A study on the

crude oil on the kinetics of glucose uptake was conducted

samples collected in the Beaufort Sea (Table 18). The

mean V value decreased from 14.6 in the non-treated samples tomax

3.7 pg per liter per hr in the treated samples. The mean Tt value

increased from 177 to 492 hr and the Kt+Sn value remained unchanged. The

differences observed in both the Vmax and the Tt values were

statistically significant. It thus appears that crude oil is acting ‘

as a metabolic inhibitor.

During the course of our studies we also measured the percent

respiration. We did observe differences in the percent respiration

between treated and non-treated samples; however, these differences

were not consistent or statistically significant in most cases.

The mean values for treated samples were usually slightly higher

than those observed in non-treated samples. These data suggest

that the microbial function most affected is substrate transport.

If either biosynthetic or respiratory functions were consistently

affected, there would be a significant change in the percent respiration

values in treated samples.

In one of the studies, we measured the effects of both fresh

and “weathered” crude oil and an aqueous extract of fresh crude oil

on respiration rates in 20 sediment samples. The average percent

reduction was 20, 21, and 23% respectively. It would thus appear

that under these conditions the effects of these various treatments

on glucose uptake were essentially the same.

In another experiment, we showed that various concentrations of

fresh crude oil aqueous extract affected the incorporation of glucose

into microbial biomass (Fig. 38). The highest concentration used in
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Table 18. The effects of crude oil, Corexit 9527, and a combination of
the two on the kinetics of glucose uptake in water samples
collected during the summer, 1978 Beaufort Sea field studies.

No Oil Crude Oil Corexit Corexit + Oil

x S.D. ; S.D. ~ S.D. ~ S.D.

(1 )Vmax *14.6 11.3 *3.7 1.8 02.7 1.3 01.5 .9

(2)Tt $228 151 $492 263 01145 505
01162 332

(3)K+ + S= $2.4 1.0 $1.9 1.3 03.4 2.2 02.5 1.0

(1)

(2)

(3)

* 7

0 3

$ 6

L LL

Maximum potential uptake rate: mean and standard deviation in
Ug/liter/hour.

Turnover time: mean and standard deviation in hours.

Transport constant + natural substrate concentration: mean and
standard deviation in pg/liter.

samples

samples

samples
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this experiment was 50% of that used in the studies reported above.

This experiment clearly suggests that the soluble fraction of fresh

crude oil adversely affects the incorporation of glucose into microbial

biomass in both pelagic and benthic populations and that this effect

is seen at concentrations much lower than that used in the field studies.

Although similar studies with “weathered” crude oil were not

conducted; in this series of observations, we have observed that

“weathered” crude oil has a similar effect on many microbial functions .

to that observed when sediments are exposed to fresh crude oil for

one year. These observations suggest that the crude oil component

that is inhibiting microbial biosynthesis may not be in the more

volatile fraction.

In all of the above mentioned studies, the exposure time to

crude oil was 12 h or less. We also conducted two studies in which

water samples were exposed to fresh crude oil for longer periods of

time. In one experiment, we used a water sample from the Beaufort

Sea (Fig. 39) and in the other we used a water sample from Kasitsna

Bay (Fig. 40). In both studies, the uptake rate for the substrates

being tested decreased initially in the presence of crude oil but

as the exposure time continued, the observed uptake rates in the oiled

samples equalled and then surpassed the rate observed in the non-

oiled samples. It must be cautioned that these experiments were

carried out under very artificial conditions even though the incubation

temperature was within 1°C of the in situ temperature. The large.—

increase in activity observed in both cases is undoubtedly due to the

well documented “bottle effect” which is always observed when marine

water samples are confined within an incubation vessel. Even with

this in mind, it appears that the populations are not only adjusting
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to the presence of crude oil but tha~ the crude oil is providing

a nutrient source for the organisms present.

Even though the glucose uptake rates were generally reduced in

the presence of crude oil, a wide range of effects was observed and,

in some cases, the uptake rate was actually higher in

sample (Table 17). The degree to which water samples

by the presence of crude oil was analyzed in terms of

the treated

were affected

sample location.

During the 1978 Cook Inlet cruise, a series of consecutive water

samples was collected on a transect starting near Augustine Island

and ending near Homer, Alaska (Fig. 41). The water samples collected

in the center of the Inlet showed less effect than those

at either end of the transect.

Water samples were also taken at two locations just

collected

north of

Augustine Island. The one to the easti was taken in Oil Bay which

is so named because of a natural oil seep in that region. The one

to the west was taken in a similar bay in which no seep has been

reported. The reduction in glutamate uptake in the water sample

taken from Oil Bay was only 12% as contrasted to a reduction of 67%

observed at the other location (the reduction in the glucose acid

uptake in the same samples was O% and 61% respectively).

A series of observations was also made in water samples col-

lected at three sample locations, one near Homer and two to the

north near Kalgin Island. The range of values observed at these

locations are illustrated in Fi@re 41. ~he percent reduction

values observed in water samples collected at the northern stations

are significantly lower than those observed in the station located

near Homer.

578



SI 

YA8 JIO 

O4 0 84 

Ta 
2

154 152

60

51

I

LOWER COOK INLET .,,

e J:

yfl-~.q
. ..”

..f

OIL BA’f  .,..: . . . . . ...’

. < . . . . . . . ...’.., :... - ,,,
:.’:  ..>

67 ;,., ,: ,;’”;’~

. . . . . . .. . . . .,. ,. 12
. . . ., .,.,,.. .

““’”48G

,., .:i .,
. .
,...

,. : Q 80AA

?“
: , : , . .

J.:.“..  !’.. . . . . . . . . . . .
;: .:....  . . . . . . . ,.

,., ., ,!.
.,.,  .:

.-. ‘i

: ..’.
,.. .:

.,.
. ‘.

&
... ,.: :,,”... . . . . .

2 6 - 6 6
““.:.  nokq,:!’  “

y;’” .,+ ,,,.
,, .,.,

0

25 ““~;”  3 ;::: .: .,.: .,,,.,
e 47 . :,:’...:.’
26 0.’: ..41,:::-:::-’:’;::’””””,,

.:,.,.  . . ,- :.. .“.. . .“,,-. .
@& Q

%eov

*5 5%4&cc

<&
.: ““:.... . . 4 ,, ,.

,.:” .. . ., , . ’...  ,,

e ,*
*b . , .,.

,. :: ~-f ,, ‘,.,.  . . . . . .
,., ‘:..  ,.. . . . . . .O? ,.

., .’.
. . . ,, . . . . . . ;

,+ ..,., . . . ..
CL ,.:, ..,. ”6? :.

.’, .- ~+ “:’ o. . . . .dki?i!~ ‘:’’;” 1.-,-
1

154
—

152

50

58

Figure ftl. ~ercent redu~tic)~  in glu:arnate.uptake

in w a t e r  s a m p l e s  exposed to c~d~ ol~ d~rlng the
April 1978 cruise. Circled station lndlcates

location where sample showed increased glutamate

uptake in the presence of crude oil.

579



b. Acute effects of crude oil on nitrogen fixation rates.

We conducted a series of experiments in which we added crude

oil to sediments during the 24 hour incubation period used to

measure nitrogen fixation. In some of the studies, we added sucrose

to the reaction vessel to stimulate nitrogen fixation rates. The

studies were conducted on samples collected from various Iocatiions

within three regions (Table 19). A total of 75 sediment samples

were analyzed during the course of this study. In none of the

studies was there a statistical difference between the mean values

observed.

2. Short-term effects of the dispersant Corexit 9527.

a. Effects on relative microbial activity and respiration

percentages.

During 6 different sampling periods, a total of 149 water

samples were studied to determine the effects of the crude oil

dispersant Corexit 9527 and Corexit with crude oil on glucose

uptake during the initial 8 hour exposure (Table 20). With the

exception of the Beaufort Sea study, all water samples were exposed

to 50 ppm Corexit. The mean value for the percent reduction in

glucose

Corexit

Corexit

In 3 of

uptake rates ranged from 58 to 95% in samples exposed to

alone. When the microbial populations were exposed to

and crude oil, the mean reduction ranged from 75 to 95%.

the 5 studies where the effects of both treatments were

observed, the mean percent reduction in glucose uptake rates was

higher in the samples treated with both Corexit and crude oil.

These differences were very significant (p<O.001) in the Upper Cook

Inlet and the July 1979 Kasitsna Bay studies.
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Table 19. Acute effects of crude oil on nitrogen fixation rates. 1

Field Samples Sucrose Added

Yaquina Bay

Cook Inlet, Apr. 1977

Cook Inlet, Nov. 1977

Cook Inlet, Apr. 1978

Beaufort Sea, Sept. 1977

Beaufort Sea, Jan. 1978

Beaufort Sea, Apr. 1978

Beaufort Sea, Aug. 1978

n—

5

5

12

17

9

9

5

13

Control

0.7

0.3

0.3

0.6

0.1

0.1

1.3

0.15

1mean rates for n samples expressed as ng

Oil Control

0.4 8.7

0.3 3.7

O*3 0.5

0.5 0.7

0.1 0.5

0.1 0.3

1.2

0.16

N-fixed/g dry wt/hr.

Oil

7.1

3.2

0.6

0.5

0.4

0.2
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Table 20. Percent reduction in glucose uptake rates in water samples.

Treatment

Sampling Location Corexit Corexit 9527 + Crude Oil

Y SD n range Y SD n range

*Beaufort Sea 58 22 14 38-79 76 20 14 54-91

Cook Inlet 88 9 37 59-98 94 5 37 78-100

Norton Sound 85 11 60 58-98

Kasitsna Bay, 2/79 68 11 7 53-83 59 20 7 29-83

Kasitsna Bay, 4/79 95 3 6 92-98 95 5 6 85-99

Kasitsna Bay, 7/79 82 19 25 38-98 91 10 24 50-99

*
These samples treated with 15 ppm Corexit , all other samples treated with 50 ppm Corexit.



The effect of Corexit and Corexit with crude oil on glucose

uptake was also measured in sediment samples collected during the

same sampling periods (Table 21). The mean percent reduction in

the glucose uptake rates ranged from 15 to 60% in the presence of

Corexit and from 40 to 79% in the presence of Corexit and crude

oil. In four out of the five studies, the latter treatment showed

a greater effect. These differences were statistically significant

(p<O.02)  in all cases. The effects of Corexit and Corexit with

crude oil on glucose uptake rates were greater in water samples

than in the sediments. For Corexit alone, the statistical significance

of this difference was at the P<.001 level and it was at the p<O.04

level for the Corexit with crude oil treatments.

The above mentioned analyses were conducted using the same

concentration of labeled glucose. It is possible that some component

of the Corexit produced the same effect as adding non-labeled

glucose to the reaction mixtures, thus reducing apparent uptake

rates. One method that could be used to determine if this is

taking place is to observe the effect of Corexit on the kinetics of

glucose uptake using several concentrations and using the

equations of Wright and Hobbie (1966). If Corexit is not acting as

a metabolic inhibitor, the turnover time (Tt) and the transport

constant plus the natural substrate concentration (Kt+Sn) values

may change but the maximum potential velocity (Vmax) of glucose

uptake should not change. When this experiment was conducted in

three water samples, the Vmax
values decreased in the presence of

Corexit suggesting that it is acting as a metabolic inhibitor

(Table 22). It should be noted that the incubation times of from 1

583



Table 21. Percent reduction in glucose uptake rates in sediment samples.

Treatment

Sampling Location Corexit 9527 Corexit 9527 + Crude Oil

Y SD n range Y SD n range

kBeaufort Sea 15 11 12

Cook Inlet 57 17 6

Norton Sound 54 13 34

Kasitsna Bay, 2/79 38 14 12

Kasitsna Bay, 4/79 44 24 11

WI
co Kasitsna Bay, 7/79 60 9 20
e

O-38 40 17 12 0-62

39-81 79 13 6 54-93

30-84

20-61 52 14 12 38-74

17-75 44 24 11 6-76

45-80 74 6 20 65-85

*
These samples treated with 15 ppm Corexit, all other samples treated with 50 ppm Corexit.



Table 22. Effects of Corexit on the kinetics of glucose uptake in water
samples.

Control Corexit

Sample. Percent v
Percent v

Number Respiration max Kt Tt Respiration max Kt+Sn Tt

0.30 5 19 16 0.90 8 84
313 22

314 29 0,016 0,2 13 15 0.0015 0.03 19

0.11 8 77 22 0$011 3 257
315 32

-1 x h-l

v= the maximum potential rate of glucose uptake reported as pg x liter .

“ m a x

Kt+Sn = the transport constant plus the natural glucose concentration reported

as pg/liter.

Tt = the time in hours required for the microbial population to utilize the
naturally occurring glucose.
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to 4 hours were used in these experiments. This indicates that

Corexit probably affects glucose transport soon after exposure.

The effect of Corexit on percent respiration in both water and

sediment samples was also observed (Tables 23 and 24). If the

transport of glucose into the cells was the only function effected

by Corexit, one would expect to see no changes in the percent

respiration, There was a significant difference between the respiration

percentages observed in treated and nontreated samples. For both

water and sediment samples, 4 out of 6 studies showed significant

differences in respiration percentages. Of those studies showing a

significant difference in the sediment samples, all mean values

increased in

samples, two

study, there

samples exposed to Corexit (Table 23). In the water

showed increases (Table 24). In the Norton Sound

was a slight increase in the mean percent respiration

in the treated samples but the difference was not statistically

significant. If, however, the water

groups, one group showed an increase

showed the reverse trend (Fig. 42).

are very significant (p<O.006). The

samples were analyzed as two

in the mean and the other

The differences in both groups

two sets of samples taken from

two different locations in and near the Norton Sound are shown in

Figure 31. The water samples in group A were collectad to the

west. Surface salinity and relative

taken during the same cruise suggest

masses present in the area which are

microbial activity measurements

thati there are two water

roughly defined by the line in

Figure 31. The one to the west is more saline and shows lower

levels of microbial activity than does the one to the east. These

data suggest that different microbial populations may be affected

in different ways by the presence of Corexit.
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Table 23. Percent respiration observed in sedfment  samples treated with corexit.

Control Corexit 9527

Sampling Location Y SD n range Y SD n range *p =

Beaufort Sea 31 9 18 22-57 34 9 18 23-60 0.022

Cook Inlet 44 26 11 14-78 32 13 11 21-60 NS

Norton Sound 28 8 38 15-66 35 6 38 22-53 0.00003

Kasitsna Bay, 2/79 20 5 15 13-30 24 6 15 9-33 NS

Kasitsna Bay, 4/79 17 8 12 6-34 18 5 12 9-25 0.007

Kasitsna Bay, 7/79 18 3 20 12-23 23 5 20 16-34 0.000008

*
Level of statistical si~ificance  between treated and non-treated samples.



Table 24. Percent respiration observed in water samples treated with Corexit.

Control Corexit 9527

Sampling Location ~ SD n range ~ SD n range *p  =

Beaufort Sea 40

Cook Inlet 28

Norton Sound 26

Kasitsna Bay, 2/79 32

Kasitsna Bay, 4/79 37

Kasitsna 13ay, 7/79 34

0 Norton Sound Group A 24
E

Norton Sound Group B 34

14 13 18-58 28 11 13 15-51 0.0005

15 39 11-70 32 13 39 14-67 0.013

7 62 15-49 28 7 62 11-44 NS

3 6 28-38 35 7 6 29-46 0.040

7 7 28-46 47 10 7 34-62 NS

9 24 21-50 26 10 24 13-53 0.007

6 48 11-49 28 5 48 18-42 0.00001

8 14 20-46 25 10 14 11-44 0.0006

*
Level of statistical significance between treated and non-treated samples.
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The relationship between Corexit concentration and its effect

on glucose uptake in 9 Kasitsna Bay water samples was studied using

three concentration ranges: 0-100, 0-50, and 0-20 ppm (Table 25).

Figure 43 graphically illustrates the resultis  of one of the three

studies. Both this study and the one conducted over a range of from

0-100 pprn indicate that most of the effect takes place at concen-

trations below 20 ppm with little further change observed at 50 and

100 ppm. In the 0-20 ppm study, the samples showed decreases in

uptake rates of 10 and 12% when exposed to Corexit at 1 ppm. Using

the best fitting power curve to describe the data, the mean concen-

tration at which 50% of the original uptake rate was lost was

calculated to be 12 ppm. These data suggest that the alterations

in microbial activity that were observed in the 50 ppm studies

would represent the maximum effect possible.

b.

with

The effects of Corexit 9527 on glucose uptake and respiration

exposure times up to 5 days.

In three studies, we observed the effects of Corexit on glucose

uptake and respiration for periods of time greater than 8 hours

and less than 130 hours. In the shortest study (Fig. 40), the effects

of Corexit and Corexit with crude oil were observed for periods of time

Up to 72 h. During the entire study, the glucose uptake rates by

pelagic microorganisms were lower in the Corexit-treated sample

than in the control. The same was true when the water samples were

exposed to Corexit and crude oil for up to 38 h; however, after

h, the rate of uptake in this water sample was actually greater

that observed in the control. In the other two studies, longer

times were used. In one experiment (Fig. 44), the uptake rates

72

than

exposure

observed
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Table 25. The concentration of Corexit at which the glucose uptake rate
was reduced to one half of the control.

Corexit  Concentration Goodness of Fit Range of Concentrations
Sample Number PPm to Power Curve Tested - ppm

271

273

275

285A

285B

242

247

250

255

15

18

11

7

7

10

10

10

10

0.94

0.96

0.92

0.99

0.99

0.98

0.82

0.98

0.98

0-1oo

0-1oo

0-1oo

0-20

0-20

0-50

0-50

0-50

0-50

mean = 12 ppm (to reduce uptake 50%)
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in the Corexit-treated sample were greater than the control. During

the same experiment, glucose uptake rates were also monitored in

water samples amended with either non-labeled glutamic acid or

glutamic acid and Corexit.

increased activity relative

bation. The result of this

Samples treated in these ways showed

to the control aftier about 45 h incu-

experiment suggested to us that the

metabolism of Corexit may be limited by the presence of fixed

nitrogen. When we repeated the experiment, we also processed

1- +
replicate water samples to which either NH4 or NH4 and Corexit

had been added (Fig, 45). The results were essentially the same as

those observed in the earlier experiment except the time for the

“recovery” in the Corexit-treated  samples was shorter than before.

When comparing the Corexit and Corexit with NH4+ treatments, it was

found that after about 40 h exposure, the water sample to which

Corexit and NH4+ was added showed higher uptake rates than the

sample treated with Corexit alone.

During the same experiment, we challenged (exposed) subsamples

with Corexit to determine what effect Corexit might have on glucose

uptake rates in samples treated in various ways. In the first

experiment, this was done after an incubation period of 114 h (Fig.

44). Of the three treatments, none of these showed a significant

decline in glucose uptake rates when challenged to Corexit; however,

a reduction of 65% was seen in the control. The results were the

same in the second experiment where the only significant reduction

was observed in the control (75%) and the NH4+ treated water (85%)

after 92 h exposure.
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An analysis of the percent respiration during the same experi-

ments showed that by the end of the experiment, the percent respiration

was higher in the Corexit-treated samples than in the controls (Fig.

46). The lowest

samples to which

c. Corexit and

marine ciliate.

respiration percentages were observed in those

glutamic acid was added (with or without Corexit).

crude oil effects on bacteriovorous activity by a

The ingestion of bacterial cells by protozoa in the presence

of crude oil and/or Corexit 9527, is expressed as a percentage of the

control treatment (Table 26). Crude oil, at a concentration sufficient

to produce a surface slick, caused slight but significant (P<O.01)

decrease. This concurs with the observations of Andrews and Floodgate

(1974) that protozoa are essentially unharmed by the presence of

crude oil and may even take up droplets concurrent with feeding

activities. When 15 ppm Corexit 9527 was added to the crude oil

the ingestion of bacteria was decreased approximately 20-fold.

Corexit (15 ppm) alone produced almost a 10-fold reduction in

ingestion. Venezia and Fossato  (1977) point out that many of the

initial reports of toxicity of crude oil and dispersants are probably

due to increased contact

effect of the dispersant

addition to accentuating

with the oil rather than any significant

itself. Our results indicate that in

the effects of crude oil, Corexit 9527

alone has a detrimental effect on the feeding of the marine ciliate

tested. The combined action of crude oil and corexit appears to be

synergistic since the observed ingestion of bacterial cells is

about half the value expected if the effects of crude oil and

Corexit were independent (4.9 vs 10.1%).
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Table 26. Ingestion of Vibrio alginolyticus  cells by a marine
ciliate when exposed to crude oil and/or Corexit.

PERCENT
INJESTION

Treatment CELLSa p-VALUEb

Control c 100.0 t 2.9

Oil (10 ppm) 82.7 ? 5.2 0.01

Oil + Corexit (15 ppm) 4*9 * 1,() 0.001

Corexit 9527 1 ppmd 75.3 ? 5.4 0.01

5 ppmd 51.1 i 2.5 0.001

10 ppmd 27.2 k 3.1 0.001

15 ppmd 12.2 ? 2.5 0.001

50 ppmd 2.3 i 0.9 0 ● 001

100 ppmd 1.7 * Q*3 0.001

apercent  ingestion compared to control with mean t standard deviation.

bsignificance level (p) of treatment compard with control.

Ccontrol  arbitrarily set at 100%.

dpower curve equation for Corexit concentrations 1 to 100 ppm:

Y (percent ingestion) - 134 x (ppm)
-0.923
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When concentrations of Corexit 9527 were increased from 1 to

100 ppm, there were significant decreases in the uptake of bacterial

cells. For Corexit treatments in the 1 to 50 ppm range the effects

of each concentration was also significantly decreased (p<O.01)

from the preceding concentration (i.e., % uptake control>l ppm>5>

10>i5>50). The depression in ingestion rates observed at 50 ppm

was essentially the same as that observed at 100 ppm.

It should be noted that the levels of Corexit 9527 used in

this study were high relative to levels anticipated under actual

field application in open waters (Lindblom,  1978). In one study

where concentrations of a related Corexit compound were monitored

under these conditions, the highest reported concentration was 1

ppm (McAuliffe et al,, 1975). This does not however, rule out the

possibility that higher concentrations may be encountered when this

dispersant is applied in the near-shore environment; especially in

areas where there is little vertical mixing or current activity.

Under these conditions it is conceivable chat much higher concen-

trations may be found which would result in reduced cropping rates

of bacteria by protozoa. This, in turn, would result in reduced

rates of carbon and energy transfer through the detrital food

chain.

B. Long-term effects of crude oil and/or Corexit on microbial

activities in marine sediments.

We have participated in two long-term effects studies, one

which was initiated in July 1977 in Elson Lagoon (near Point

Barrow, AK) and the other which was initiated in February 1979 at

Kasitsna Bay (near Homer, AK in Cook Inlet).

1. Effects on relative microbial activity as measured by glucose,

~ltltam[~’  arid and acetate uptake. 59!



a . The Kasitsna Bay study

During the Kasitsna  Bay study, we participated in 6 field study

periods after the study was initiated in Feb. 1979: April 1979 and

1980; July-August 1979 and 1980; OcCober-November 1979; and January

1980. In February 1979, we initiated the first long-term effects

study where treated and nontreated sediments were placed in trays which

were subsequently placed on the bottom of Kasitsna  Bay by SCUBA

divers. Portions of these sediments were also placed in aquaria

fitted with a seawater flow system. A large number of variables were

monitored over the 1.5 year lifespan of the study including the

effects of crude oil on relative microbial ackivity  (Tables 27-31).

Observations were made after 1.5, 59 8, 11, and 18 months exposure.

Throughout the study, relative microbial activity was monitored

by following the uptake and respiration of labeled glucose and

glutamic acid. In the last two field periods (11 and 18 mo exposure)

relative microbial activity was also monitored using labeled

acetate. With the exception of the 8 month exposure observations,

the presence of fresh Cook Inlet crude oil at 50 ppt significantly

reduced relative microbial activity as measured using the above

mentioned substrates. The percent reduction observed in treated

sediments at the first observation period (1.5 mo) was 50 and 73

respectively for glucose and glutamic  acid. At the end of the study

(18 mo) these figures were reduced to 42 and 40%.

During the course of our Kasitsna  Bay work, we also initiated

studies which were designed to determine the effects of various

concentrations of fresh crude oil, the time required for the observed

changes to take place, the effects weathered crude oil on microbial
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Table 27. Changes observed in sediment samples

Trays

Control oil Dif. %

Variable Y Y A A

Glucose uptake
Glutamate uptake
Glutamate Vmax
Glutamate Kt+Sn
Glutamate Tt
Glucose % Resp.
Glutamate 2 Resp.

Nitrogen Fixation

Total Adenylates
Energy Charge

Hydrogen Ion Cone.
Redox Potential (Surface)

22
335
430
20
85
20
44

0.6

4.5
0.33

1.4
90

11
92

160
14

135
38
64

0

2.2
0.26

3.5
20

11
243
270

6
50
18
20

0.6

2.3
0.07

2.1
70

-50
-73
-63
-30
+59
+90
+45

-1oo

-51
-21

+150
-78

exposed to crude oil for 6 weeks.

Aquaria

Control o i l Dif. %

Y Y A A

20
257
300
11
54
23
48

2.3

3.8
0.34

0.5
18

13
116
176
28

227
45
65

0.2

1.4
0.24

3.1
-229

7
141
124
17

173
22
17

2.1

2.4
0.10

2.6
247

-35 0.005
-55 0.0001
-41 0.002

+155 NS
+320 0.03
+110 0.0001
+26 0.00001

-91 0.004

-63 0.0001
-29

+520 0.01
-1372 0.03

Under each heading, the mean value measured in the control (non-treated) and the oiled sediments is reported along
with the difference between the means and the percent of that difference relative to the control mean. The “p”
value is the level of statistical significance between the mean values of all control and treated sediments
analyzed.

Units Units

Glucose uptake ng x g. dry wt.
-1 x h-l Glucose % Resp. %

Glutamate uptake It 11 11 Glutamate % Resp. %
Glutamate Vmax It 81 -1 -1

“-1
Nitrogen Fixation ngN2 x g. dry wt.l x h

Glutamate Kt+Sn pg x liter Total Adenylates @l x g. dry wt.-
Glutamate Tt h. Energy charge ratio - see methods

Hydrogen ion cone. x E-8 M
Redox potential mV



Table 28. Changes observed in sediment samples exposed to crude oil for 5 months.

Aquaria

Control Oil Dif . % p~

Y f A A

Trays

Control oil Dif. %

Variable i Y A A

Glucose uptake
Glutamate uptake
Glutamate Vmax
Glutamate Kt+Sn
Glutamate Tt
Glucose % Resp.
Glutamate % Resp.

77
605

1040
44
60
14
46

31
178
232
18

130
51
50

46
427
808
26
70
37
4

2.9

4.1
0.09

2.8
323

-60
-71
-78
-60

+117
+264

+9

140
815

1060
18
26
21
49

44
221
300
17
84
49
42

96
594
760

1
58
28
7

1.9

1.1
0.07

1.3
351

-69
-73
-72
-6

-I-223
+133
+14

0.0001
0.0001
0.001
0.01
0.003
0 ● 00001
0.007

3.4 0.5 -85 2.0 0.1 -95 0.00002Nitrogen Fixation

Total Adenylates
Energy Charge

5.6
0.34

1.5
0.23

-74
-26

1.7
0.39

0.6
0.32

-65
-18

0.005
NS

Hydrogen Ion Cone.
Redox Potential

1.5
85

4.3
-238

I-187
-380

2.9
61

4.2
-290

1-45
-576

0.0005
0.000001

Under each heading, the mean value measured in the control (non-treated and the oiled sediments is reported along
with the difference between the means and the percent of that difference relative to the control mean. The “p”
value is the level of statistical significance between the mean values of all control and treated sediments analyzed.

Units Units

Glucose uptake ng x g. dry wt. -1 x h-l Glucose % Resp. %
Glutamate uptake II 1! 81 Glutamate % Resp. %
Glutamate Vmax 11 11 91 Nitrogen Fixation ng x g. drywt.

-1 -1
-1

_lX h
Glutamate Kt+Sn pg x liter Total Adenylates UM x g. dry wt.
Glutamate Tt h. Energy charge ratio - see methods

Hydrogen ion cone. x E-8 M
Redox potential mV



Table 29. Changes observed in sediment samples exposed to crude oil for 8 months.

Trays and Aquaria

Control Oil Dif . % Pz

Variable ? 7 A A

Glucose uptake 55 34 -11 -38 NS (0.27)
Glutamate uptake 448 353 -95 -21 NS
Glucose % Resp. 16 35 19 +11 9 0.003
Glutamate % Resp. 46 49 3 +7 NS
Nitrogen Fixation 3.5 0.2 -3.3 -95 0.003
Denitrification 92 45 -47 -51 0.009

~8Z~;;”;~;0;onc.
1,3 2.6 1.3 +50 0.002
2.7 5.4 2.7 +50 NS

Redox Potential +33 -71 104 -315 NS (0.07)

Under each heading, the mean value measured in the control (non-treated) and the
oiled sediments is reported along with the difference between the means and the
percent of that difference relative to the control mean.
level of statistical significance between the mean values
treated sediments analyzed.

Units Units

The “p” value is the
of all control and

Glucose uptake ng x g. drywt.
-1 ~ h-l Hydrogen ion cone.

Glutamate uptake 1! 1!
-1 ~ ;-1

Redox potential
Nitrogen Fixation ng x g. dry wt.
Denitrification It 11 II

C02 production nhl 11 It

x E-8
mV



Table 30. Changes observed in sediment samples exposed to crude oil for 11 months.

Trays and Aquaria

Control Oil Dif . % P:

Variable ? Y A A

Acetate Uptake 54 14 40 -74 0.02
Glucose Uptake 36 18 18 -50 0.05
Glutamate Uptake 246 90 156 -63 0.002
Glutamate Vmax 237 89 148 -62 0.02
Glutamate Kt-1-Sn 33 24 9 -27 NS
Glutamate Tt 74 205 131 +177 0.01
Acetate % Resp. 23 38 15 +65 0.005
Glucose % Resp. 19 34 15 +79 0.0003
Glutamate % Resp. 49 55 6 +12 NS (0.07)
N. Fixation 0.56 .04 .52 -93 0.0003
D=nitrification

Natural 0.08 0 0.08 -1oo 0.004
Potential 95 25 70 -74 0.0004

C02 Production 5 12 7 +58 0.015
Methane Production 23 54 31 +57 0.04

Under each heading, the mean value measured in the control (non-treated) and the
oiled sediments is reported along with the difference between the means and
the percent of that difference relative to the control mean. The “p”
value is the level of statistical significance between the mean values of all
control and treated sediments analyzed.

Units

-1 ~ h-l -1 -1
Acetate uptake ng x g. dry wt. Nitrogen Fixation ng x g dry wt.-l x h-l
Glucose uptake II II 11 1! 1! Denitrification ng x g dry wt. x h
Glutamate uptake 11 11 11 11 11 C02 production nM 11 II

Glutamate Vmax 11 tf 11
“ -l”

Methane production
11 11pM

Glutamate Kt+Sn pg x liter
Glutamate Tt h.



Table 31. Changes observed in sediment samples exposed to crude oil for 18 months.

Trays only—

Control oil Dif. % p<—

Variable 7 Y

Acetate Uptake 38 24 14 -37 0.05
Glucose Uptake 113 65 48 -42 0.05
-Glutamate-Uptake 1223 728 495 -40 0.05
Glutamate Vmax 1390 440 950 -66 0.05
Glutamate Kt+Sn 20 13 7 -35 NS
Glutamate Tt 23 27 4 +17 NS
Acetate % Resp. 31 37 6 1-10 NS
Glucose % Resp. 22 40 18 +45 0.001
Glutamate % Resp. 47 54 7 +17 0.05
Ethylene Production 2.9 0.7 2.2 -76 0.001
Denitrification 170 45 125 -73 0.01
C02 Production 15 26 11 +73 NS
Phosphatase Activity 0.38 0.24 0.14 -37 0.001
Arylsulfatase  Activity 0.70 0.42 0.29 -41 0.001
Methane Production 2.2 6.3 4.1 +186 0.01
Hydrogen Ion Concentration 3.4 6.2 2.8 +82 0.05
Redox Potential (Bottom) -207 -447 240 -116 0.001
Direct Counts 5.82 5.13 .69 -12 NS

Units Units

Acetate uptake
Glucose uptake
Glutamate uptake
Glutamate Vmax
Glutamate Kt+Sn
Glutamate Tt
% Respiration
Nitrogen fixation

-1 ~ h-l -1 -1
ng x g. dry wt. Denitrification ng x g. dry wt._l x h_l
II 1! 11 II II C02 Production nMx g. drywt. ‘-Y -111 11 1! 11 11 Phosphatase accivity UM PNP x g. dry wt._l x h_l
11 !1 II II 11 Arylsulfatase activity UM PNP x g. dry_yt

-1 ; h-f h

ug x liter Methane production pM X-g. dry wt.
h. Hydrogen Ion cone. x 10
% Redox potential mV

-1 ~ # -1
ng x g. dry wt. Direct counts x 108 x g. dry wt.



function, and the effects of overlaying nontreated sediment with

sediment treated with both fresh and weathered crude oil. We

conducted one study in which we observed the effects of fresh crude

oil at various concentrations after exposure for 1, 3, and 12 months

(Fig. 47). In all three of these studies, we found the relative

microbial activity was decreased with increasing concentrations up

to 1 ppt. When the concentrations were increased above that level,

there was little or no additional reduction in activity.

In another study, we observed the effects of 50 ppt crude

oil on relative microbial activity in three sediments exposed for

various times (Fig. 48). We observed that most of the effect took

place within the first 1.5 days exposure.

We also considered the effects of “weathered” crude oil

on relative microbial activity (Table 32). In this study, we found

that “weathered” crude oil concentrations of 50 ppt reduced activity

by 63% (P<O.001)  after a one year exposure and it reduced activity

by 47% (P<O.01) at a concentration of 1 ppt.

In addition to this study, we also conducted a series of observations

on the effects of both fresh and “weathered” crude oil overlays

on nontreated sediments (Table 33). In this study, the oil concentration

was 50 ppt and the exposure time was one year. The samples were

placed either in aquaria (one control and one weathered crude treatment)

or in trays (two trays each containing nontreated sediments, weathered

and fresh crude for a total of six trays). In the aquaria experiment,

the relative microbial activity was reduced by 21% in the treated sample

but his reduction was not significant (replicate observations were made

in samples taken from either side of the partitioned down the center

of the aquaria). In the tray experiment, there was no significant
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Table 32. Effects of various concentrations of fresh and “weathered” - ‘-

crude oil on microbial
activities

Glucose uptake

% Respiration

Methane
Production

Nitrogen
Fixation

Denitrification

Phosphatase
Activity

Redox Potential

Glucose uptake
Methane production
Nitrogen fixation
Denitrification
Phosphatase
Redox

in a marine sediment exposed for one year.

Control

68

21

1.8

1 . 7

135

251

-119

Fresh —

= 1“0 PPt 0“1 PPt
17 26 49

-75 -62 -28
*>k* ** NS

38 27 24
+81 +29 +14
** * NS

4.5 3.2 2.4
+150 +78 +33

* NS NS

0.3 0.8 1.5
-82 -53 -12
** ** NS

43 88 115
-68 -35 -15
A* k NS

159 195 NOT
-37 -22 RUN
* NS

-395 -323 -225
-232 -171 -89
*** ** *

Weathered

m 1“0 PPt
25 39

-63 -47
*** **

32 20
+52 -5
** NS

3.4 2.3
+89 +28
** NS

1.8 1.6
+6 -6
NS NS

42 115
-69 -15

* NS

234 392
-7 -t-56
NS **

-402 -289
-238 -143
*** **

-1
ng x g. dry wt.~~ x h_, Statistical significance
pM x g. dry wt.~~ x h~~ NS =
ng x g. drywt. x h

not significant
* = p < O*O5

II 11 11 II * *

PM pNP x g. dry wt.-l x h-l
= p 70.01

*** = p To.ool—
mV



Table 33. Effects of fresh and “weathered” crude oil overlays on microbial
activities in a marine sediment in trays or aquaria exposed
for one year.

TRAYS AQUARIA

Control Fresh Weathered Control Weathered

? 21.4 14.1 21.0 5.4 11.7

C02 Evolution 7. Diff -34 -2 +117

P NS NS

f 2.6 1.2 3.5 2.1 5.1

Nitrogen Fixation % Diff -54 +26 +143

P ** NS

7 2.7 3.4 1.8 2.2 3.0

Methane Production % Diff +29 -34 +38

P NS NS NS

? 107 37 121 56 44
-21

Glucose Uptake % Diff -65 +13

P * NS NS

f 23 29 24 21 25

% Diff +27 +4 +19
2 Respiration

P * NS NS

Y 156 122 44 158 145

Denitrification % Diff -22 -72 -8

P * ** NS

i -284 -359 -413 -232 -394

Redox Potential -26 -45 -70
2 Diff

(Bottom) P NS NS **

C02 EvolutiOn rmix g. dry wt.~~ x h~~

Nitrogen Fixation ngx g. drywt._l Xh_l

I’lethane Production pMx g. dry ‘t--l ; :-1

Glucose Uptake ngxg. drywt.
z Respiration %
Denitrification ngxg. drywt.-lxh

-1

Redox Potential mV

Statistical Significance NS Not Significant
* p <0.05
** p <0.01
*** p <0.001
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reduction in microbial activity in the weathered crude overlay but

there was in the fresh crude oil overlay (reduced 65% with p<O.05).

We were also curious about what changes might be found in

sediments taken from another area near Kasitsna Bay. In November

1979, we initiated a study of the effects of fresh crude oil (50

ppt) on microbial function in sediments collected near the north

shore of Kachamak Bay close to Homer, AK (Table 34) . After treat-

ment, these sediments were left at the location from which they

were collected for 8 months before they were analyzed. In this

study we observed a highly significant 61% reduction in relative

microbial activity (glucose uptake rate).

In addition to considering the effects of crude oil on relative

microbial activity, we also measured the effects of Corexit 9527

(500 ppm) and Corexit and crude oil on this and other variables.

After an exposure period of 5 months , we analyzed both trays and

aquaria which contained treated sediments (Table 35). In general,

the changes that were observed in the sediments treated with both

oil and Corexit showed greater effects than those treated with oil

alone; however, these differences were not statistically significant.

The sediments that were treated with Corexit alone showed little or

no change when compared with the controls. After 18 months incu-

bation, essentially no differences were observed between sediments

treated with Corexit compared to those that had not been treated.

The study in which we observed the effects of crude oil and/or

Corexit on relative microbial activity in pelagic populations,

indicated that there may be an adjustment of these populations to

the presence of these pollutants. We also wanted to determine what

changes occurred in benthic populations exposed to these same

pollutants for an extended period of time. In order to do this, 61



Table 34. Changes observed in Coal Bay sediment samples exposed to fresh
crude oil for 8 months.

Variable

Glucose uptake
Glucose % resp.
Nitrogen fixation
Denitrification
C02 Production
Phosphatase
Redox Potential

Control

158
23

0.95
14.3
31
0.41
-107

Oil

54
42
0.03
9.8
12
0.24
-193

%
Difference

-61
+85
-97
-31
-61
-40
-80

Units

Glucose uptake ng x g. drywt. -1 x h-l

% Respiration %
Nitrogen fixation ng x g. dry wt.~~ x h~~
Denitrification ng x g. dry wt.-l xh-l
C02 Production nM x g. drywt. ‘-l! ~ h-l
Phosphatase activity P~ pNp x g. dry wt.
Redox potential mV

0.001
0.001
0.001
0.05
0.001
0.001
0.001
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Table 35. Percent changes in variables in response to 5 month exposure to
crude oil and crude oil + Corexit.

Variable

A. Uptake

Glucose Uptake
Glutamate Uptake
Glutamate Vmax
Glutamate Tt
Glutamate Percent Resp.
Glucose Percent Resp.

B. Total Adenylates

c. Surface Eh

r). Nitrogenase

Trays
Oil Oil + Corexit

-60
-71
-78

+117
9

+264

-74

-380

-85

-84
-85
-90

+113
+8

+240

-87

-336

-82

Aquaria
Oil Oil + Corexit

-69
-73
-72

+223
+14

+133

-65

-576

-61
-76
-79

+200
+11

+148

-68

-561

613
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we conducted a series of experiments in which perturbed sediments

were reexposed to these same pollutants during short-term challenge

exposures (Table 36). The sediments which were not previously

exposed to these pollutants (i.e. the controls) showed the same

response that we have consistently observed in our shorb-term

challenge experiments that we reported earlier in this section.

The sediments that had been exposed to crude oil for up to 5 mo

(subsection “B: of Table 36) showed little addition effect when more

crude oil was added under the acute, short-term challenge conditions.

In sediments exposed for 8 months or longer, there was a significant

reduction in uptake rates in the sediments previously exposed to crude

oil. When these sediments were exposed to crude oil and Corexit or

Corexit alone at 50 ppm, there was a large reduction in uptake

rates. In the sediments that had been exposed to Corexit and crude

oil for up to 5 months (subsection “C” of Table 36), the resulting

observations were essentially the same. These observations suggest

that benthic microorganisms that have had prior exposure to Corexit,

do not adapt to its presence. Either the original Corexit was

utilized by the microorganisms present and/or bound to the sediments

so that it was no longer affecting the populaelon  or there was a

reestablishment of the a susceptible population.

The crude oil challenge experiments suggest that either the

population adapted to the presence of crude oil or that whatever

was causing

experiments

for up to 5

the reduction in uptake rates in the acute challenge

was still present in the sediments exposed to crude oil

months.

The changes in relative microbial activity described above

were measured using the one substrate concentration method (Tables

27-31) . We also measured relative microbial activity using the



Table 36. Short-term crude oil and Corexit effects on glucose uptake rates
in sediments that were non-oiled and those treated with crude oil
or crude oil and Corexit for periods of time greater than 1.5
months. These sediments were collected at Kasitsna Bay. The

values given are the percent reduction in observed uptake rates
compared to controls.

A. Sediments which were not exposed in short-term challenge experiments.

Month Exposure time
in months Short-term effects caused by

Crude Oil Crude Oil + Corexit Corexit

April 1.5 33 51 36

July 5 28 68 58

Iiov . 8

Jan. 11

49

30

B. Sediments that were challenged with crude oil.

Month Exposure time Short-term effects caused by I

in months Crude Oil Crude Oil + Corexit

April 1.5 0 56

July 5 2 79

Nov. 8 25

Jan. 11 23

c. Sediments that were challenged with crude oil and Corexit.

Month Exposure time Short-term effects caused by
in months Crude Oil Crude Oil + Corexit

April 1.5 4 61

July 5 7 71

I

Corexit

57

72

Corexit

58

72
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multi-substrate concentration technique of Wright and Hobbie

(1966). This procedure is described in detail in Section I of this

report. We used this technique to measure the effects of crude oil

on relative microbial activity (Vma ) and on the time required for

the natural microbial population to utilize the naturally occurring

substrate available (Tt). In all cases, the relative microbial

activity decreased and the Tt values increased; all of these differences

were statistically significant. The transport constant plus the

natural substrate concentration (Kt + Sn) value was also measured

but this value was not consistently affected.

2. Effects of crude oil on respiration percentages by benthic

microorganisms.

During our studies, we measured the effects of crude oil on

respiration percentages. A summary of the results from the initial

experiment are reported in Tables 27-31. In all cases, the mean

percent respiration was higher in sediments exposed to crude oil

than those that were not regardless of the labeled substrate used

to make that determination. In general, the increase in the percent

respiration in treated sediments was higher when glucose was used

as the test substrate than when glutamic acid was used. The amount

of change in percent respiration was about the same in the first

set of observations (Table 27) as in the 11 month observations

(Table 30); however, after the sediments had been exposed for 18

months, the change in the percent respiration was reduced (Table

31). The percent respiration also increased in sediments exposed

to “weathered” crude oil (Table 32) and in untreated sediments

overlayed with crude oil treated sediments (Table 33). The percent



respiration was also repressed in treated Coal Bay sediments (Table

34).

In a series of three studies, we observed the effects of

various concentrations of fresh crude oil on respiration percentages

in three sediments (Fig. 49). Significant changes were observed at

concentrations at or below 1 ppt. The change in percent respiration

suggested that basic metabolic and/or population changes had occurred

in the treated sediments. When the radioactivity associated with

the cells and the C02 fractions are plotted separately (Fig. 50),

it becomes apparent that the presence of crude oil has very little

effect on C02 production rates from the labeled substrate used

(glucose in this case); however, the rate at which the substrate is

incorporated into cell material is greatly affected. This suggests

that crude oil interferes with biosynthesis and thus the production

of microbial biomass.

3. The Elson Lagoon study.

In the Elson Lagoon study we observed

relative microbial activity in sediments.

to those observed during the course of the

main difference was that instead of taking

effects of crude oil on

The results were similar

Kasitsna Bay study. The

as little as 5 weeks to

observe an effect, as it did in Kasitsna Bay, it took 9-12 months

of exposure before measurable differences were obsened (Table 37).

Once the effects of crude oil on microbial activity were initiated,

they were as great as those found in the Kasitsna Bay sediments.

Reduced microbial activity was observed in sediments that had been

exposed to crude oil for up to 2 years (the last observation in

this series). We also observed increases in the respiration percentages
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Figure 49. Effects of various concentrations of crude oil on respiration percentages in
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Table 37. Long-term effects of crude oil on glucose and glutamate uptake in the
Elson Lagoon sediments.

Uptake

Glucose Glutamate

Date Exposure 1 A%2 1uptake uptake A%2 vmax3

Jan. 1978 Control 3.4 23 0.14
TI 0.2 3 0.25
11 1.2 6

Oil-6 months 5.7 NS 44 NS 0.09
11 7.9 15 0.10
11 2.0

/
15

!
Apr. 1978 Control 12.2 479 3.5

Oil-3 months 3.2 NS 393 NS 8.2

Aug. 1978 Control 2.7 19
11 13.2 161

Oil-8 months 6.9 NS 96 NS
! Oil-4 months 1.5 9

Jan. 1979 Control 2.4 7
It 3.7 I 8

Oil-12 months 0.8 { -74 2 I -73 :

Oil-9 months 0.8 I -74 3 -60
i I

Aug. 1979 ; Control 172 1025 0.8
~ Oil-20 months 25 I -85 152 -85 0.1

Oil-16 months 38 i -72 283 -72 0.2

Jan. 1980 Control 12 208
11 32 75

Oil-24 months 8 ~ -64 75 , NS

lng/g dry wt/hr.
2“Percent change relative to control; NS - not significant if ranges overlap.
3
pg/g dry wt/hr.



in all oiled sediments analyzed (Table 38). These changes were

much lower than those observed in the Kasitsna Bay sediments. Even

though we observed an increase in respiration percentages in each

case, these differences were not

4* The Glacier Bay study.

In June 1979, a cruise ship

statistically significant.

spilled fuel oil into Glacier Bay

near Juneau, AK. In October 1979, we collected three oiled and

three non-oiled sediments for analysis at the Kasitsna Bay laboratory.

Care was taken to collect non-oiled sediments which approximated

the physical characteristics of the oiled samples. We conducted a

series of uptake experiments on these sediments using glucose to

determine the effects of the oil on relative microbial activity and

respiration percentages (Table 39). We then compared the resulting

measurements on a sample by sample basis; matching oiled and non-

oiled sediments with the same physical characteristics. If the

microbial populations in the exposed sediments were affected by the

presence of the crude oil, we would expect to find reduced relative

microbial activity, increased respiration percentages and reduced

effects on relative microbial activity in acute fresh crude oil

challenge experiments. In 2 out of 3 samples, Ehe relative microbial

activity was reduced and the percent respiration was higher. In

all three samples, there was a lower reduction in microbial activity

in the oiled samples when the samples challenged with fresh crude

oil during the assay.

5. Long-term crude oil effects on nitrogen fixation rates.

The effects of crude oil on nitrogen fixation was one of

variables that we assayed during the initial long-term crude

the
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Table 38. Long-term effects of crude oil on percent respiration in Elson
Lagoon sediments.

~

% Resp.
Glucose

25
20
23
20
27
27

% Resp.
Glutamate

44
41
51
45
49
48

A%

+4

Jan 1978 Control
Control
Control
Oil 6 months

11 11
+9

I

11 II

Apr. 1978 Control
Oil 3 months

19
29

44
62

54
46

+53 +41

Aug. 1978 Control
Control
Oil 8 months
Oil 4 months

29

23
57

-21
+97 54 +8

78
7.4

90
81

Jan. 1979 Control
Control
Oil 12 months
Oil 9 months

49
47
71
59

+48
+23

+18
+ 7

I
1

48
49
53

Aug. 1979 Control
Oil 20 months
Oil 16 months

20
38
33

+90
+65

+ 2
+10

I
I

Jan. 1980 Control
Control
Oil 2 years --J53

46
63

32
23
32 +16 +12

!



Table 39. Effects of fuel oil on relative microbial activity and respiration
percentages in Glacier Bay, AK sediments. Each sample was
exposed to crude oil in a short-term challenge experiment.

Glucose Uptake Percent Percent
Sediment type no oil oil change respiration

A.

B.

c.

1 .

* =

Coarse sand Non-oiled 138 42 -70 23
Oiled 156 83 -47 47

+13* +104*

Sand-silt Non-oiled 30 15 -47 17
Oiled 18 11 -39 30

-40* t +76*
i

Glacial Non-oiled 6.8 5.3 ; -22 36
flour Oiled 2.4 7.1 ! 198 29

!

-65* -26A

Glucose uptake in units of ng x g
-1 -1dry wt. x h .

These values are the percent change relative to the conerols.
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oil exposure experiment. Whenever we made this observation, there

was a very significant reduction in nitrogen fixation rates (Tables

27-31). This was only observed when fresh crude oil was used.

When the sediments were exposed to “weathered” crude oil, there was

no reduction in nitrogen fixation rates (Tables 32 and 33). There

was a reduction in nitrogen fixation rates when fresh crude oil was

applied as an overlay (Table 33) or when sediments from another

location in Cook Inlet were used; i.e. the Coal Bay experiment

listed in Table 34.

We also wanted to determine the effect of various concentrations

of fresh crude oil on nitrogen fix rates and to de~ermine  how long

it took for these alterations to take place. In one series of

experiments, we observed changes in nitrogen fixation rates in

sediments exposed for varying lengths of time to various concentrations

of fresh crude oil (Fig. 51). In all three sediment samples, there

was approximately a 50% reduction in nitrogen fixation rate when

the crude oil concentration was 1 ppt. When the concentrations

were increased up to 50 ppt, there was a further reduction in rates

observed. At this concentration, the rate was only about 20% of

that found in the control (nontreated sediment).

During another set of experiments, we observed the length of

time required for nitrogen fixation rates to be altered in the

presence of 50 ppt crude oil (Fig. 52). The experiment was conducted

on three sediments of varying characteristics which were collected

from three different locations. In all three sediments, there was

a marked reduction in nitrogen fixation rates after the sediments

had been exposed for 5.5 days. Measurable reductions were also observed

after the sediments had been exposed for only 1.5 days.
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Figure 51. Effects of various concentrations of fresh crude oil on nitrogen fixation
rates in three marine sediments expressed as a percent reduction relative to controles.
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We also studied the effects of fresh Prudhoe Bay crude oil on

nitrogen fixation rates in sediments collected in Elson Lagoon

(Beaufort Sea). Even after exposure times of up to 8 1110, we did not

observe measurable reductions in nitrogen fixation rates

(Table 40).

6. Long-term effects of crude oil denitficiation rates.

In the initial long-term crude oil effects study conducted at

Kasitsna  Bay, we started to monitor effects on denitrifcation

potentials after the sediments had been exposed to crude oil for 8

mo (Table 29). At this and subsequent field periods when these

measurements were made, we observed a significant reduction in

denitrification potentials. Significant reductions were also observed

in sediments exposed to “weathered” crude oil (Tables 32 and 33).

During the January study, both natural and potential denitri-

fication rates were measured (Table 30). Natural denitrification rates in

oiled sediments were reduced below the level of detection (approxi-

mately 0.003 ng N20). When the potential denitrification  rates

were measured, they were found to be approximately 1,000 times the

natural rate. Crude oil exposure reduced denitrification  rates by

74% under those conditions. The significance of the differences

between the means was p<O.004 for both natural and potential rates.

As in the relative microbial activity and nitrogen fixation

studies, we measured the effects of various concentrations of fresh

crude oil on denitrification potentials (Fig. 53). In the sediment

that was exposed to crude oil for 4.5 weeks, there was very little

effect noted regardless of the concentration of oil used. In the

sediments that had been exposed for 3 mo, there was not a dramatic
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Table 40. Long-term effects of crude oil on nitrogen fixation
rates in Elson Lagoon.

Exposure time Controll oill

Apr. 1978 0 1.3 1.2

Apr. 1978 3 moo 1.4 1.9

Aug. 1978 1 day 0.3 0.4

Aug. 1978 4 mo. 0.3 0.4

Aug. 1978 8 mo. 0.3 0.4

1 -1 -1
ngN2 fixed x g dry wt. x hr. .

‘.
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reduction in denitrification at concentrations below 5 ppt. In

the sediments that had been exposed for one year; however, there was

a marked reduction at 1 ppt.

We also conducted an experiment to determine how long it takes

for a significant reduction in denitrification potentials to occur

in sediments exposed to fresh crude oil at 50 ppt (Fig. 54). In

two of the three sediments tested, there was little effect during

the 22 day exposure period. In the third sediment, there was a large

drop

very

7.

in denitrification activity at the beginning of the study but

little net change after that time.

Long-term crude oil effects on C02 and methane evolution rates.

During the course of the initial long-term exposure experiment

conducted at Kasitsna Bay, we also observed that the C02 and methane

evolution rates were higher in the oiled sediments than in nonoiled

sediments (Tables 20 to 31). This was not the case however, in the

sediment sample studied from Coal Bay (Table 34). In this sample

there was a significant reduction in the C02 production rate (methane

evolution rates were not determined). The exposure time in this

experiment was 8 mo.

In addition to these observations, we also conducted a series

of three experiments in which the effects of various concentrations

of crude oil on C02 evolution rates was observed (Fig. 55). In the

sediment that was exposed for 1 day, there was a reduction in the

rate of C02 evolution observed at a concentration of 1 ppt or higher.

In the sediments that had been exposed for 4.5 weeks or longer? there

was an increase in C02 evolution rates observed at concentrations of

1 ppt or greater. When a time course experiment was conducted on

three sediments exposed to 50 ppt crude oil, we observed an initial
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depression in C02 evolution rates (Fig. 56).

exposed to crude oil for about 10 to 16 days,

than the controls.

During our long-term

observed elevated methane

(Tables 30,31,32,33).

When the sediments were

the rates became higher

crude oil exposure experiments, we also

concentrations in the treated sediments

When the effects of crude oil at various concentrations on methane

concentration was measured, we found that a measurable increase could

be detected after 20 days exposure at a concentration as low as 0.5

ppt (Fig. 57). When a time course experiment was conducted, we

observed an initial depression in methane production in two of the

three sediments examined (Fig. 58). After 16 days exposure all

three sediments showed elevated methane production rates.

s, Long-term oil effects on total adenylates and energy charge.

During two field periods in the Elson Lagoon study, we measured

the concentrations of ATP, ADP, and AMP in oiled and nonoiled

sediments (Table 41). The concentration of total adenylates  is

calculated by adding the individual concentrations of all three

adenylate species. In all sediments that had been exposed to crude

oil for 4 months or more, the concentration of total adenylates was

significantly lower in the oiled samples. The same measurements

were made in Kasitsna Bay sediments during two field periods (Tables

27 and 28). The same phenomenon was observed in these sediments as

well.

Although there was a large seasonal change in the energy

charge calculated from the adenylate concentrations in the Elson

Lagoon samples, there was no significant difference between oiled
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Table 41. Adenylate measurements made on sediment samples collected
during the summer, 1978 Beaufort  Sea study and in the Elson
Lagoon in January, 1979.

A. Beaufort Sea, August, 1978

Sample
Number Treatment *ATp *ADp

BB601 Control 245 6
BB602 Oiled 4 mo 3.2 0
BB605 Oiled 8 mo 3.6 0.2
BB607 Control 211 19
BB619 Offshore 337 7
BB624 Offshore 13.7 1.3
BB262 Offshore 23.7 0.3
BB627 Offshore 62.7 1.9

B. Elson Lagoon, January 1979

Sample
Number Treatment *ATp *ADp— .

BB701 Oiled 9 mo. 0.2 0.08
BB702 Oiled 12 mo 0.33 0.54
BB703 Control 0.28 4.0
BB703 + oil 0.63 5.4
BB 704 Control 0.07 1.9
BB705 Oil O time 0.17 3.0

*/@fp

7
0
0
0
10
0.6
0
0.3

*W

0.28
1.01
13
17
11
11

Total Adenylate

263
3.2
3.7

227
352
15.7
24.6
65.3

Total Adenylate

0.4
1.9

17
23
13
14

Energy Charge

0.95
1.00
0.98
0.96
0.96
0.92
0.99
0.98

Energy Charge

0.24
0.38
0.25
0.27
0.15
0.19

*nMoles of adenylate/g dry wt.
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and nonoiled sediments. In both Kasitsna Bay studies, the mean

energy charge values were lower in the oiled samples. However, the

difference was statistically significant in only one of the two

studies.

9. Long-term crude oil effects on bacterial concentrations.

During the April, July and November 1979 and July 1980

Kasitsna Bay field periods, we measured the concentrations of

bacteria in oiled and nonoiled sediments using a direct counting

technique (epifluorescent microscopy). In the first studies we

observed mean value differences representing a 33% and a 45% reduction

in bacterial cell concentrations in the oiled sediments for the

April and July 1979 studies respectively (Table 42). These differences

were statistically significant. During the November and July 1980

studies there were no significant differences seen between the mean

values.

10. Long-term crude oil effects on sediment surface pH and Eh.

The effect of crude oil on sediment surface pH and Eh was also

measured during the Kasitsna Bay study. After the sediments had

been exposed to crude oil up to 5 months, there was a significant

reduction in the redox potential and an increase in the hydrogen

ion concentration in the surface of sediments (Tables 27 and 28).

After 8 months exposure, there was still an increase in the hydrogen

ion concentration but this increase was not statistically significant

(Table 28). When this same variable was measured in the same

sediments after 18 months exposure, there was no detectable difference

in pH values when treated and nontreated sediments were compared.

This was not the case when the redox potentials were determined

in the same sediments. Even after 18 months exposure, there was
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Table 42. Direct bacterial concentrations in treated and non-treated
Kasitsna  Bay sediments,

Cells (x 109)

Control Oil

Date Source

Apr. 1979 Trays

Aquaria

Jul. 1979 Trays

Aquaria

Nov. 1979 Trays

Jul. 1980 Trays

Exposure to oil mean

1.5 months 3.9

1.5 months 3.2

5 months 3.9

5 months 3.7

8 months 3.6

18 months 0.6

X21?39. .mean

3.2-4.6 2.5

3.1-3.3 2.4

1.6-6.4 2.2

1.9

2.5-4.5 3.5

.4-.8 0.5

ZsM!2

0.6-3.8

1.7-3.4

1.8-2.4

1.5-2.4

2.7-4.4

0.3-0.6
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a significant reduction in the redox potentials observed in the oiled

sediments (Table 31).

In one study, we observed the effects of various concentrations

of both fresh and “weathered” crude oil on redox potentials (Fig.

59). We observed measurable reductions in redox potentials in treated

sediments at a depth of 8 cm at an oil concentration of 1 ppt or

greater. This was true in both the sediments that had been exposed

to fresh or “weathered” crude oil. A reduction in redox potential

was also observed in sediments exposed to fresh crude oil for either

21 days or 3 months,

11. Long-term effects of crude oil on sediments that had been augmented

with organic carbon and long-term effects on enzyme activities.

When the sediments that had been exposed to 50 ppt fresh crude

oil for 1.5 years were examined for phosphatase  and arylsulfatiase

activity (Table 31) it was found that the activity of bohh of these

enzymes was significantly reduced (P<O.001). We also examined the

effects of fresh crude oil at various concentrations on phosphatase

activity in sediments that had been exposed for 3 months (Fig. 60).

Measurable reductions were observed at a concentration of 5 ppt in

these sediments; the greatest reduction was observed at 50 ppt.

The activities of these and other enzymes as well as most of

the other variables measured during the course of our Kasitsna  Bay

studies were analyzed in a series of experiments in which sediments

were augmented with various organic compounds. In these studies,

replicate sets were analyzed; one set was not treated (controls)

and one set was treated with 50 ppt fresh crude oil. The first set

of observations (Tables 43 A, 43 B and 44) were made on two pilot
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Table 43 A. The effects of fresh crude oil
processes in sediments amended
starch after 8 mo. exposure.

CONTROL

at 50 ppt on various microbial
with Cerophyl, chitin, or

! OILED

Variable Control Cerophyl Chitin Starch Control Cerophyl Chitin Starch

C02 Evolut. 0 .9 8.7 5.2 2.4 3.4 15.0 15.9 l.l

Z Change +278 +72 +206 -79

N2 Fixat. 3.1 0.5 0.5 53 0.2 0 0 5.1

% Change -98 -1oo -1oo -90

Denitrif. 78 17 20 6 36
Z Change

17 6 0
-54 0 -71 -1oo

% change compares oiled + nonoiled sediments of the same type. See Table
45 A for units.
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Table 43 B. The effects of fresh crude oil at 50 ppt on various microbial
processes in sediments amended with Cerophyl,  chitin, or
or starch after 1.5 years exposure.

CONTROL

Variable Control Cerophyl Chitin Starch

C02 Evolut. 4.1 33.4 33.6 30.5

% Change

N2 Fixat. 2.48 1.01 0.94 0.85

% Change

Methane 0.3 1.8 0,2 1.1
% Change

Glucose Upt. 104 160 93 97
% Change

% Respir. 17 28 28 28
% Change

Denitrif. 153 47 137 154
Z Change

Phosphatase 0.38 0.44 0.38 0.37
% Change

Chitobiase 0.46

Redox potential -70 -56 -97 -252
% Change

OILED

Cont~ol Cerophyl Chitin Starch

8.0 24.0 6.1 60.9

+95 -28 -82 +100

0.30 0.06 0.01 0.21

-88 -94 -99 -75

3.8 241 500 5.3
-I-346 -I-13364 +312400 +395

74 197 174 147
-28 +23 +88 +52

39 48 49 65
+121 +72 +71 +131

13 7 8 8
-92 -85 -94 -95

0.22 0.38 0.33 0.39
-41 -14 -15 i-6

0.02
-48

-430 -428 -415 -424
-514 -664 -328 -68

See Table 45 A for units.



Table 44. The effects of fresh oil at 50 ppt on various microbial
processes in a sediment amended with Cerophyl,  chitin, or
starch after 12 mo. exposure. This sediment was collected
in Sadie Cove.

CONTROL I OILED

Variable Control Chitin Cerophyl Starch Control Chitin Cerophyl Starch—
I

C 02  Evol. 46 37 68 44 23 137 97 92

% Change -51 +270 +42 +112

N2 Fixat. 3.2 1.4 2.4 1.3 0.1 0.07 0.5 0.3

% Change -97 -95 -77 -80

Methane 6.4 4.5 22 6.3 4.0 128 107 33
X Change -37 +2700 +390 +430

I
Glucose Upt. 442 306 120 276 74 68 128 41
A Change -83 -78 +7 -85

Gls. % Resp. 18 17 17 18 39 47 61 34
Z Change +122 +169 +268 +91

Acetate Upt. 357 226 416 220 47 37 33 46
-87 -83 -92 -79

Acct. % Resp. 24 22 24 22 30 59 44 30
% Change +24 +169 +88 +41

Denitrif. 18 24 16 16 7 1 6 6
% Change -61 -96 -62 -62

Phosphatase 0.23 0.23 0.25 0.14 0.16 0.17 0.14 0.18
% Change -31 -24 -41 +30

Chitobiase 0.027 0.020
% Change -25

Redox Potent. -220 -242 -173 -196 -427 -422 -337 -316
% Change +94 +74 +362 +61

Z Change compares oiled and nonoiled samples of the same type.

See Table 45 A for units.
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experiments in which there was only one sample for each treatment.

The second set of observations was made in a subsequent set of

experiments in which everything was triplicated {Tables 45 and 46).

For this reason, we were able to assign levels of confidence only

in the latter experiments.

When the nonaugmented sediments were analyzed, we observed the

same type of changes in the crude oil treated sediments that we have

described in the preceding sections; i.e., glucose uptake rates

were depressed, respiration percentages increased (decreased microbial

biosynthesis), denitrification and nitrogen fixation rates decreased,

redox potentials decreased~ methane concentrations increased, and

phosphatase activity was depressed.

In all four studies, starch was added to some of the sediments

analyzed. When we compared the oiled and nonoiled sediments, we

found that the C02 evolution rates, the percent respiration and

amylase activity values increased and that denitrification  rates~

phosphatase activity and redox potential values were reduced. In

both of the pilot studies, the nitrogen fixation rates were depressed

in the oiled sediments that had been augmented with starch. In the

second two studies, (Tables 45 and 46), there was an increase in

nitrogen fixation rates which was not statistically significant.

Chitin was another organic supplement which was utilized in all

four studies. When similar measurements were conducted on these

sediments? we found that the percent respiration increased and glucose

uptake rates and the phosphatase and chi.tobiase  activitive decreased.

The nitrogen fixation rates in the pilot studies were depressed in

the presence of crude oil and in the second set of experiments, the
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Table 45. The effects of fresh crude oil at 50 ppt on various microbial processes in a sediment amended
with starch, cellulose, chitin or seaweed after 8 mo. exposure. All measurements were made on
triplicate subsamples.

,

i
I Redox

Glucose Potential
AMENDMENT TREATMENT! Uptake X Resp, COQ cH, NoFix Denit. Phos. Amyl. Alg. Cell. Lam. Chit. Surf . Bet..

None I Control ! 105 18 ~ ~1 0.15 2.5 258 0.53 I -49 -94I
Oiled ~ 38 36 10 3 0.4 76 0.30 -372 -412

I % Change ~ -49** +1OO***1 -11/1 +1700* -84** -71** -44** _6~~***-338*h*

Starch Control I 283 56 ~ 77 233 0.7 97 0.32 169 -293 -379

I Oiled ~ 200 66 I 128 589 4.5 30 0.27 428 -399 -408

i % Change I -29/)
!

+18* / +67/} +53** i-543 -69 _13* +153*** -16// -8**
m ! I
* I

I ~12
+ Cellulose! Control 1 233 39 281 2.6 46 , 0.33 28 -261 -401

i Oiled 79 46 : 22 11 0.4 95 ~ 0.29 14 -365 -409I 1I II % Change 1 -66** +18/) ~ -80** –96** -84 # -I-65** I -13/} -50** -40// -2{/

Chitin ~ Control I 91 35 ~ 64 59 0.3 101 :~ 0.46 0.062 -286 -397
(

I Oiled 58 46 : 19 1 0.4 48 ; 0.31 0.026 -402 -425
1 1

I % Change I -36* +31** -71** -98** +40// _52* _34** -58*** -41*** -7*

Seaweed Control ~ 163 27 I 35 11 ‘“g
164 I 0.45 30 22 -202 -304

I Oiled I 93 53 I 15 69 0.05 25 0.27 57 14 -344 -436

~ % Change ~ -43** +96*** ~ -56* +554# -94# -85** -40** +90** -36** -70* -43**
,

See Table 45 A for footnotes on Tables 45 and 46.



Table 45 A. Footnotes for Tables 45 and 46.

X Change compares oiled and nonoiled  samples of the same type.

Variable

Glucose uptake

C02 = C02 production

CH4 = Methane evolution

N2Fix = Nitrogen fixation

J.)enit. = Denitrification  rates

Pho S . = Phosphatase activity

Amyl . = Asnylase activity

Alg . = A1.ginase activity
m
~ Cell. = Cellulase activity

Lam. = Laminarinase activity

Chit. = Chitobiaseactivity

Redox potential

Surf. = sampled at sediment surface

Bet. = “ II ca. 8 cm depth

Units

-1 x @ngxg
-1 x h-lnmole x g
-1 x h-lpmolw x g
-1 -1 x h-lng Nx g x g
-1 x ~-1

ngNxg
-1 ~ ~-1pmoles p-nitrophenol  x g

-1 x h-l
pg reducing sugar x g

It It 1! 11 11

11 II II II 11

11 !! 11 II It

- 1  x h-l
Vmoles p-nitrophenol  x g

mv

S t a t i s t i c a l  S i g n i f i c a n c e

p less than

* = 0.05

** = 0.01
*** = 0.001

# = p >0.05



Table 46. The effects of fresh crude oil at 50 ppt on various microbial processes in a sediment amended
with starch, cellulose, chitin or gelatin after 6 mo. exposure. All measurements were made on
triplicate subsamples.

I Redox
Glucose I Potential

AMENDMENT TREATMENT Uptake % Resp. C02 CH4 N2Fix Denit . I phos. AmY1. cell. Chit. Surf. Bet.

I
None

I
Control 125 18

I
16 0.7 1.3 205 ~ 0.27

I
-1 -130

Oiled i 64 41 24 1.0 0.2 106 ~ 0.17 -314 -418

% Change -49$,* +128*** +50* +431/ -85*Ycfi -4f3*k \ -35**A J313~o*>*:k -222A**
I.

Starch Control 347 59 150 181 0.05 5 ~ 0.33 168 -289 -404

I Oiled I 349 72 I 421 171 6.6 5 \ 0.27 310 I -348 -387

2 Change I +lli +22** +181** -6# +1310// o# -18A +85** _20*
m

+4 #

z
Cellulose Control 122 37 126 60 0.27 36 0.37 31 -372 -415

Oiled ] 60 52 17 0.1 0.12 81 ~ 0.22 13 -368 -372

I % Change -51// +41** I -87* -99** -55{/ +125** I –39** -58** I +1{/ +10//

Chitin Control 66 38 43 46 0.12 12 0.38 0.68 -296 -421

Oiled 7 1 52 46 1.4 0.40 106 0.42 0.15 -297 -366

!
; % Change I-7 # -t-37** I +5// -97k +233{} i-783*** ~ +10// _78*k;

I 0{/ +13**

Gelatin Control 68 31 34 98 0.30 70 0.32 ~ -344 -413

Oiled 25 61 23 348 0.09 7 0.18 ! -395 -436
I

% Change -63*** +97*** -29{/ +155# -70# _go* _45*** : -15{/ -6{1



nitrogen fixation rates increased but this change was not statistically

significant.

In the two pilot studies, a third substrate was tested; Cerophyl.

This is a commercial preparation of dried grass. In the Sadie Cove

sediment and in the first observations made in the Kasitsna Bay

sediment, the C02 production rates were higher in the oiled sediments

(Tables 43 and 44). In the Kasitsna  Bay sediment after 18 month

exposure, the nitrogen fixation rate was depressed in the oiled

sediment. We also observed a reduction in denitrification  rates,

acetate uptake rates, and the phosphatase and cellulase activities.

Increases were observed in glucose uptake rates, percent respiration

with both acetate and glucose, and methane concentrations.

In the second two studies?  cellulose was used in place of

Cerophyl. In these sediments, the glucose uptake, nitrogen fixation

rates, methane concentrations and the cellulase  activity rates were

lower in the oiled sediments. Increases were observed in the percent

respiration, and in the denitrification rates. Two other substrates

were also tested in the second set of observations; dried seaweed

and gelatin. In the sediments supplemented with seaweed, we observed

an increase in percent respiration, methane concentration, and

alginase activity and a reduction in the glucose uptake rates C02

production, nitrogen fixation and denitrification rates and phosphatase

and laminarinase activity in the oiled sediments. In the sediments

supplemented with gelatin, we observed in increase in percent respirations

and methane concentration. We also observed a decrease in the

glucose uptake rate, phosphatase activity and the rates of nitrogen

fixation and denitrification.
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During the second set of observations, we also measured the redox

potentials at both the surface and bottom of the undisturbed sediments,

The results of those measurements are shown in Table 45 and 46, In

all cases, the augmented sediments had much lower redox potentials

than did the nontreated sediments.

There were also other consistent changes which took place in

the sediment augmented with organic nutrients when compared with

the control values. As shown on Tables 45 and 46, the percent

respiration increased in all sediments that were augmented with

organic carbon. Both methane concentrations and C02 evolution

rates were consistently much greater and nitrogen fixation and

denitrification rates were generally lower in the augmented samples.

c. Seasonal observations of microbial function in the sediments

and waters near Kasitsna Bay.

1. Water column observations including relative microbial activity,

primary productivity and inorganic nutrient daza.

During the course of our work at Kasitsna Bay, we measured

relative microbial activity in water samples collected at the

locations shown in Fig. 37. These determinations were made using

labeled glucose, glutamic  acid, acetate and glycollate (Table 47 A

and 47 B). During the winter months, the microbial activities were

very low; in the spring or early summer, there was an increase with

maximum rates observed in April in 1979 and August in 1980 as

measured using glucose or glutamic acid. These were also when the

uptake ratios as measured using glucose/glutamic acid uptake rates

were the highest. Most of these observations were made at the same

15 stations located near Kasitsna  Bay. Five of these stations were

routinely sampled for primary productivity measurements.
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Table 47 A. Primary productivity, glycollate uptake and acetate uptake in water samples from field
stations at Kasitsna  Bay.

1-80 4-4-80 4-13-80 4-21-80 4-28-80 6-80 7-80 8-80

T 0.3 0.9 1.4 4.3 3.8 9.2 4.6 7.2
Primary SD O*2 0.6 0.7 4.6 2.4 5.4 3.4 4.6
Prod. Range .2-.6 0.4-1.8 0.6-2.4 1.2-2.4 1.5-7.3 0.3-13.9 0.3-8.1 3.7-15.2

i? 11 26 18 19 21 83 92
Glycollate  S D 6 9 7 7 11 68 86
Uptake Range 4-23 17-40 11-28 12-29 4-32 37-204 20-191

N 12 5 5 5 5 5 5

? 4 4 4 15 73 30
Acetate SD 1 1 2 7 62 15
Uptake Range 3.0-4.6 2.6-4.5 1.8-7.0 6.4-22 33-183 18-54

N 5 5 5 5 5 5

m

Primary productivity Ug C/meter3

Glycollate uptake
-1 ~ ~-1

ngxl

Acetate uptake -1 x #ngxl
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The primary

field season are

the lowest rates

productivity rates observed during the 1980

also listed in Table 47 A. During this season,

were observed in January afid the highest were in

June. Linear regression analysis was performed on the entire data

set which included primary productivity rates and uptake rates for

glucose, glutamate, acetate, and glycollate (Table 48). All the

uptake variables were very highly intercorrelated  (p~O.001).

Primary productivity was significantly correlated (P<O.05) with

glutamate uptake; highly correlated (p<O.01)  with glucose uptake;

and very highly correlated with the ratio of glucose/glutamate

uptakes. The graphic presentation of seasonal glucose uptake and

primary productivity rates indicates that the increase in primary

productivity rates during the 1980 season preceeded the increase in

glucose uptake rates in the spring (Fig. 61).

During the 1979 field season, measurements of inorganic

nutrient concentrations were conducted (Table 49). In general, the

concentrations observed were highest in the winter and lowest in

the summer.

2. Observations made on the sediments.

a. Relative microbial activity and nitrogen fixation rates.

During the course of our Kasitsna Bay work, we measured relative

microbial activity using glucose and glutamic acid (Table 50).

The lowest rates were observed in February and April 1979 and the

highest rates were observed in August 1979. This was true when

relative microbial activities were measured with either glucose or

glutamic acid. As was the case in the water samples, the ranges



Table 48. Linear correlation coefficients (r-value) for surface water
microbial activities at Kasitsna  Bay field stations sampled from
Feb. 1979 thru Aug.

Glucose uptake

Glutamate uptake

Acetate uptake

Glycollate uptake

0.40

(;:)

0.34

(3;)

0.06
(28)

0.27

(33)

Glucose/Glutamate 0.58
***
(38)

1980.

0.89
***
(113)

0.71
(28)

0.86
***

(39)

0.54

(;;3)

rd
:
u
3

0.87
(28)

0.95
***

(39)

0.26

(;;3)

0.76
***
(39)

0.19

(2:)

0.26

(;;)

Significance levels: * p <0.05
** p :0.01
*** p :0.001—

()- degrees of freedom
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eq

4H (hIM)

A

1

Table 49. Nutrient analysis of surface waters from Kasitsna Bay field
stations sampled from Feb. 1979 thur Jul. 1979.

range

n

range

n

No; (!.ml) Y
sd

range

n

range

n

Feb. 1979

.87

.11

.74-1.0

7

13.5

1.1

12-15

7

.09

.01

07-.1

7

1.4

.07

1.3-1.5

7

Apr. 1979

.94

.25

.67-1.4

6

2.0

1.7

0-4.3

6

.04

.05

0-.15

6

.63

.15

. 4 - . 8 2

6

Jul. 1979

1*2

.84

.14-3.0

28

1 . 3

1 . 4

0 - 4 . 5

28

.03

.04

0-.14

28

.61

.33

. 2 - 1 . 4

28
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Table 50. Uptakes

Y
Glucose

Uptake Range

N

?
Glutamate SD
Uptake Range

N

of Kasitsna  Bay sediments.

DATE

2-79 4-79 8-79 11-79 1-80 4-80 6-80

25 27 140 57 46 53 50
29 22 94 57 30 41 44
3- 5- 20- 4- 11- lo- 9-

110 73 360 180 120 140 150
17 10 18 15 10 12 11

340 320 1070 320 380 380 470
425 250 970 330 280 200 260
32- 35- 180- 41- 11o- 130- 120-

1860- 940 3600 1260 1110 780 960
17 10 18 15 10 12 10

Units

Glucose uptake ng x g. dry wt. -1 ~ ~-1

Glutamate uptake 11 11 It It II

—. -



in values were greatest when glucose was used as the test substrate.

The ranges observed in the sediments were much less than those

observed in the water samples during the period of our study.

In the region near Kasitsna Bay, there were two major sources

of terrestrial carbon input at the head of each of the major bays.

The pattern of relative microbial activity in the sediment samples

of the area reflects the input of terrestrial carbon. When we compare

the relative microbial

taken near the head of

activity as measured with glucose in the sediments

these bays with sediments taken from other

locations, the relative microbial activity near the head of the bays

was significantly higher (Table 51). This was true during all of the

field seasons.

A different pattern was obsrved when the sediments of Kachemak

Bay were analyzed for relative microbial activity (Fig. 62). In

Kachemak Bay, the highest values were observed seawater of Homer

spit and the lowest values were observed near the mouth of the Fox

River. The same pattern was observed when glutamic acid was used to

measure relative microbial activity.

b. Nitrogen fixation rates, total adenylate  concentration, and

inorganic nutrient concentrations.

The mean nitrogen fixation values observed in August 1979 were

the lowest and those observed in July 1980 were the highest measured

during the course of our field station studies (Table 52). The

differences observed between the August 1979 and the high values in

October 1979 and July 1980 were statistically si~ificant. The

only strong geographical patterns of nitrogen fixation that were



Table 51. Differences in glucose uptake rates between
sediments collected from Kasitsna Bay field
the heads of the
seaward.

Date ~ Seaward

4-79 42 14

7-79 224 99

10-79 101 27

4-80 96 31

6-80 114 27

sediments from
stations near

bays compared with sediments collected more

Diff . ~ p<—

28 -67 0.05

125 -56 0.01

74 -73 0.05

65 -68 0.01

87 -76 0.001

-1 ~ #
Glucose uptake ngx g. drywt.

, .’

..:

.,

.,
. .

, .,
,.

. .

. . .
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Table 52. Summary of nitrogen fixation rates, total adenylate
concentrations and energy charge estimates in Kasitsna
Bay sediments.

A. Nitrogenase activityl

Date

Feb. 1979 0.7

Apr. 1979 0.9

July 1979 2.4

Aug. 1979 0.4

Oct. 1979 1.7

Jan. 1980 0.9

Apr. 1980 0.9

July 1980 1*3

B. Adenylate  determinations

Total Adenylates2

Date f SD— . =

SD— &?E&s
0 . 6

0 . 8

1.4

0.4

1.9

0.5

0.5

0.8

0 - 2 . 3

- 2 . 1

0 . 9 - 4 . 2

0 - 1 . 0

0-7.5

0 . 3 - 1 . 8

0 . 3 - 1 . 8

0 . 2 - 3 . 1

Energy Charge

n—

11

11

4

14

14

8

9

11

Feb. 1979 4.4 2.3 0.1-7.3 0.31 0.16 0.18-57 9

Apr. 1979 6.9 1.9 4.2-8.5 0.29 0.04 0.24-0.35 4

Jul. 1979 7*7 3.1 3.3-12.9 0.26 0.08 0.12-0.38 14

1ngN2/g dry wt/hr.

2nmoles/g.



observed occurred in the sediment samples collected along the

middle of Kachemak Bay (Fig. 63).

The concentration of total adenylates increased from a low of

4.4 nM/g dry wt in February 1979 to a high of 7.7 nM/g dry wt in

July 1979 (Table 52). The calculated energy charge values decreased

from a high of 0.31 in February to a low of 0.26 in July. These dif-

ferences were not statistically significant.

Analyses of inorganic nitrogen species and phosphate concen-

trations in pore water and total carbon, nitrogen and phosphorus

concentrations in sediment samples were also conducted for all

field stations (Table 53). The results of the total sediment

chemistry showed very little seasonal variation; however, seasonal

changes were observed in the pore water chemistry.
+

Both NH4 and

P04‘
3 concentrations were highest during the month of April 1979

and lowest during the month of July 1979.

c. Enzyme activities observed in sediments

During the field station work , we routinely measured the

activities of the following enzymes: amylase, cellulase, phosphatase,

and arylsulfatase  (Table 54). In general, the activity levels

observed were constant throughout the year. The most significant

geographical trend that was noted was in the arylsulfatase/phosphatase

ratios. In both the Kasitsna  Bay stations (Fig. 64) and the Kachemak

Bay stations (Fig. 65), these ratios generally increased in sediment

samples collected increasingly further from major fresh water

sources.

A linear regression analysis to determine enzyme activity

correlations with glucose and glutamic acid uptake and nitrogen

fixation rates was performed for Kasitsna Bay field stations (Table 55).

663



I on

‘k?
“ :. .“

. . . 9
.,.

. .. . .
. . ..-

< . .

. . . .
.  .  . . . ’ ,.. .. . . -.. .  - . . ” .

. . . . . ‘,.  ,. .
.-

. . . . . . . . . . . . ..:. . .

! . .

.“ .. .
. ,.

. ’:

. .
-..

. . . .. .
- ... .- .

. .m

..-.

:: .
. .

. .
. .

: -.

. . . . . . .

. .

$. .
. . . . .

;..

:::

s

w , . 4

5

-.
.

“ . .  :

<

-.*.
b . .

x
. ,.  . .

.) . . . .

g .;:’:;.

x  .=’.:: /
e

A

./

../.
-t’,.. ,

-., .

/

. . . . . , . .. .

.“A”.” * ,’. .
... ,

/

h
,.:.. . . . . ... , ● .. .. ““ A

L+.
e-l

- - - - -

0
U3

~
Q
ml

- o
In

- o
V

- o
m



Table 53. Nutrient analysis of sediments from Kasitsna  Bay field stations sampled from
Feb. 1979 through Jan. 1980.

Interstitial Water
I

Total Sediment
1 I

Date

I
NO + NH4 N02 P04I P c N c/i E/F
NO?I

I ‘ urn urn urn ] ppt ppt ppturn

7
I

1.7 210 1.5 39 :
S.D. ; 1.7 130 1.2 38 :

2-79 Range ~ o- 72- 0- 11-
5.6 300 3.9 74

n 16 16 16 16 ,

f I 1.6 680 1.9 110 ! .9 25 2.0 13 30
S.D. ‘ 1.6 852 1.2 100 .1 10 .7

4-79 Range o- 68- .4- 16- ; .7- 12- .6-
4.4 2700 4.0 360 1.0 41 3.3

m n I 11 11 11 11 11 11
m
Cn

?
I

1,1 100 1.2 15 .8 24 1.9 12 29
S.D. I 0:8 58 1.7 13 .2 9.5 .7

7-79 ~ Range ~ 48- 0- 5.8 .5- 11- l.l-
2 220 5 41 1.2 41 3.5

n 7 7 7 7 20 20 20

I i I .7 23 2.0 12 33
I S.D. .1 9.1 1.2

11-79 1 Range .5- 8.7- . 6 -
.8 38 4 . 7

I

1 n 14 14 14
( I 1

Y ~ .7 27 2.5 11 361

i ‘*D*
.1 11 .5

1-80 ~ Range , .6- 14- l.7-
1 .9 45 3.1



Table 54. Summary of sediment enzyme data

A. AmyLase activity (Vg glucose released

Date ~ sd—

for Kasitsna  Bay field stations.

-1 ~ #xgdrywt )

Feb. 1979 31.5 14.8 10.8 - 62.2

Apr. 1979 28.1 22.4 10.8 - 82.6

Jul. 1979 25.8 12.2 10.1 - 45.4

Oct. 1979 31.6 27 10.6 - 99.7

Jan. 1980 18.7 13 6.3 - 51

Apr. 1980 29.5 17.9 14.3 - 75.4

Jun 1980 27.9 18.1 10.4 - 72.5

B. Cellulase activity (pg glucose released x g dry

Date

Feb. 1979

Apr. 1979

Jul. 1979

Oct. 1979

Jan. 1980

Apr. 1980

Jun. 1980

~ sd— =
15.9 8 . 4 4 . 3 -  31 .4

14 .3 7 .8 6 .5  -  35 .3

17 .5 9 . 9 8 . 1 -  37 .6

11 .8 12 1.7 -  48 .7

10 .3 4 . 7 3.7 - 20

1 4 . 2 7 . 1 7 .9 -  33 .4

20.5 11.7 7.5 - 42.8’

c. Phosphatase activity (vM p-nitrophenol released

Date Y sd— — =

Feb. 1979 0.27 0.23, 0.03 - 0.81

Apr. 1979 0.22 0.09 0.13 - 0.41

Jul. 1979 0.31 0.11 0.14 - 0.48

Oct. 1979 0.27 0.14 0.15 - 0.62

Jan. 1980 0.28 0.13 0.14 - 0.50

Apr. 1980 0.23 0.09 0.12 - 0.44

Jun 1980 0.34 0.14 0.19 - 0.70

n—
12

11

13

14

10

12

11

-1
Wt x 11-1)

n—
12

11

14

10

12

11

-1 ~ h-l,
x g dry wt

n—
12

11

14

14

1 0

12

11

(continued on following page)
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Table 54 (continued)

D. Arylsulfatase activity (PM p-nitrophenol released x g dry wt -1 ~ h-l )

Date

Feb. 1979

Apr. 1979

Jul. 1979

Oct. 1979

Jan. 1980

Apr. 1980

Jun. 1980

0.50

0.37

0.60

0.48

0.63

0.41

0.56

sd—

0.43

0.16

0.24

0.26

0.26

0.21

0.30

&?2fE2

0.01 - 1.41 12

0.08 - 0.62 11

0.30 - 1.12 14

0.09 - 1.04 14

0 .21 - 1.13 10

0 .14 - 0.85 12

0 .16 - 1.19 11
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Table 55. Linear correlation coefficients (r-value) for sediment
microbial activities at 83 Kasitsna  Bay field stations
sampled from Feb. 1979 through Aug. 1980.

Cellulasel

phosphatasel

Arylsulfatasel

Glucose uptake2

Glutamate uptake2

N2 fixation
2

0.76
***

0.16

0.14

0.25
*

0.03

0.30
**

0.23
*

0.24
*

0.31
**

0.01

0.34
**

Significance levels: * p :0.05
** n < 0.01

*** ; 70.001

1-

2-

0.81
***

0.29 0.25
* * *

0.27 0.16 0.74
* ***

0.25 0.21 O*19 0.05
*

enzyme inter-correlations for 81 degrees of freedom

other correlations for 79 degrees of freedom
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The highest correlations observed were between amylase  and cellulase

activity, phosphatase and arylsulfatase activity, and glucose and

glutamic  acid uptake rates.

During the April 1980 sampling period, the 12 field sediments

sampled were tested for redox potential, C02 evaluation and CH4

content in addition to the standard assays. A linear regression

analysis on this data set (Table 56) showed highly significant

correlations between both C02 evolution and CH4 content and the

independent variables; amylase, cellulase, and glucose/glutamate

uptake ratio. Redox potential was correlated only with C02 evaluation.

671



Table 56.

Amylase

Cellulase

Linear correlation coefficients (r-value) for sediment
Coq , CH,, and Redox values at 12 Kasitsna Bay field stations
sa$pled%in  Apr. 1980.

~2

0.89
***

0.82
**

Phosphatase 0.58
*

Arylsulfatase 0.27

Glucose uptake 0.63
*

Glutamate uptake 0.21

Glucose/Glutamate 0.82
***

C02 Evolution

CH4 Concentration

c+

0.81
**

0.86
***

0.29

0.11

0.42

0.16

0.91
***

0.78
**

Redox

0.47

0.54

0.14

0.50

0.48

0.30

0.47

0.59
*

.33

Significance levels: * p <0.05
** p :0.01

*** p :0.001—

672



v. Discussion

A. Short-term effects of crude oil and/or Corexit 9527.

1. Crude oil effects

a. There have been a number of studies (Alexander and Schwarz,

1980; Atlas et al., 1976; Calder and Lader, 1976; Griffin and

Calder,  1977; Hodson et al., 1977; and Walker and Colwell, 1975)

that have addressed the question: what effects do crude oil,

refined petroleum products, or pure hydrocarbons have on marine

microbial populations? Several of these studies were concerned

with the effects of crude oil on microbial growth rates. For the

most part, these studies have shown that crude oil has very little

effect on growth; however~ reduced growth rates have been shown in

populations exposed to refined petroleum products (Walker and

Colwell, 1977) or aromatic hydrocarbons (Calder and Lader, 1976;

Griffin and Calder, 1977). In a study of the effects of crude oil

on cell numbers in seawater taken from Yaquina  Bay, Oregon, no

significant changes in plate counts were observed in water samples

exposed to Prudhoe Bay crude oil for periods of up CO 40 days

. (1976) reported that(Griffiths, unpublished data). Atlas et al

Prudhoe Bay water exposed to crude oil showed an increase in cell

number relative to the control after 42 days. Although no significant

change in species diversity was observed in this experiment, a more

recent study by Atlas (personal communication) using numerical

taxonomical  techniques has shown shifts in the composition of

bacterial populations in Arctic marine waters exposed to Prudhoe

crude oil for several months. These data suggest that although

populations of marine heterotropic  bacteria may not decrease when
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exposed to crude oil, the crude oil may act as an

stress which could affect species composition

function.

Hodson et al. (1977) reported that crude

and

environment tal

thus microbial

oil-aqueous solutions

14inhibited the uptake and mineralization of C labeled glucose by

pelagic microorganisms. These observations were made in seawater

samples contained in large plastic bags during the course of the

CEPEX project (Menzel  and Case, 1977). In our study, a large

number of pelagic and benthic  microbial populations collected from

a wide variety of sources were exposed to crude oil. The uptake

and mineralization of labeled glucose was monitored ~o determine if

altered function could be detected.

b. Both this study and that reported by Hodson et al. (1977)

indicate that there is a significant reduction in the heterotrophic

uptake and mineralization rates in pelagic microbial populations

when they are first exposed to crude oil and/or refined oils. This

effect was observed when either glucose or glutamic acid was used

as the test substrate indicating that this phenomenon is not restricted

to glucose (the substrate used by Hodson). The phenomenon, caused

by a number of crude oil type products, affects a large cross

section of natural marine microbial populations; although pelagic

populations appear to be affected to a greater extent than benthic

populations. In a recent study by Alexander and Schwarz (1980),

the short-term effects of two crude oils on glucose uptake in

pelagic and benthic microbial populations was observed. They

observed no consistent depression of glucose uptake in the presence
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of crude oil. It is quite possible that their samples, taken from

Galveston Bay and the Louisiana coasts had been exposed to chronic

petroleum perturbation prior to collection.

c* There was a wide variation found in the percent reduction

observed from one location to another. The geographic location of

the samples showing these variations indicate that the degree to

which a population is affected may be related to the degree of

prior exposure to crude oil or petroleum products.

d. Even though there is an initial reduction of relative microbial

activity in natural marine microbial populations exposed to crude oil,

there is evidence that suggests pelagic microorganisms may adjust

to the presence of petroleum. During one cruise in the Cook Inlet,

there were differences noted in the extent to which natural populations

were affected by the presence of crude oil in acute challenge experi-

ments (Fig. 41). The patterns that emerged suggest that in regions

where there should have been chronic input of petroleum hydrocarbons,

the effects of crude oil were less than in the regions where this

would not have been the case. For example, in the samples that were

collected along the east-west transect from Kamishak  Bay to Kachimak

Bay, there was a reduced effect in the samples collected near the

middle of Cook Inlet. One of the samples collected in this region

showed stimulated glucose uptake in the oil-treated samples. The

central samples were located in a region of little net water flow which

is also in the center of the shipping line. It is assumed that

petroleum products are constantly being introduced into these

waters as the result of shipping.
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Additional support for this hypothesis comes from the comparison

of data collected to the north near Kalgin Island with the observations

made to the south near Homer, AK.

at the station near Homer showed a

activity when exposed to crude oil

in the two

near Homer

had little

northern stations. The

The water samples that were collected

greater reduction in relative microbial

than did the samples collected

water mass at the sample site

consists primarily of open ocean water which should have

prior exposure to petroleum products. The northern

sample sites are located near oil wells in the Inlet and also near

an oil refinery with associated shipping facilities. Roubal and

Atlas (1978) reported high concentrations of hydrocarbon-utilizing

bacteria in the water samples collected at the two norbhern sample

sites. There have been numerous reports in the literature which link

elevated concentrations of hydrocarbon-utilizing bacteria with

petroleum contamination in the marine environment (Horowitz and

Atlas, 1977 and Mulkins-Phillips  and Stewart, 1974).

During the same study, we observed that crude oil had very

little effect on a water sample collected in Oil Bay where a natural

oil seep has been documented. In an adjacent bay where a similar

seep has not been observed, crude oil had a much greater effect on

both glucose and glutamic acid uptake rates.

All of the observations listed above present only a presumptive

correlation between prior exposure to petroleum and reduced sensitivity

to the adverse acute effect of crude oil on relative microbial

activity. More direct evidence has also been obtained from the

observations discussed below.

e. In all of

was relatively

the above mentioned studies, the exposure ”time used

short (normally under 12 h). When longer exposures
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were used (up to 9.5 days), the pelagic microorganisms appeared to adjust

to the presence of crude oil (Figs. 39 and 40). In both studies,

the level of relative microbial activity in the oiled water samples

was lower than in nontreated samples at the beginning of the experiment.

As the incubation time increased, the microbial activity in the

oiled samples became greater than the controls. It should be

pointed out that this phenomenon was only observed in water samples.

We have demonstrated that in sediments which have been exposed to

crude oil for extended periods of time, the relative mirobial

activity in oiled sediments remains lower than the controls for

exposure period of up to 1.5 years. It should also be said that

the results of these experiments may not reflect what happens in

the open ocean. It has long been recognized that the microbial

characteristics of a seawater sample are greatly altered by confining

it in a reaction vessel. This is the so called “surface” or “bottle”

effect which causes the number of organisms present to multiply

(within a few days) to form a population which could be 100 X the

original concentration. This change in cell numbers is expressed

as a significant increase in relative microbial activity after ea.

2 days incubation in both of these experiments.

The apparent adjustment of the pelagic microorganisms to the

presence of crude oil was measured by only one type of function in

this experiment; i.e., the uptake and utilization of a soluble organic

substrate. This does not necessarily imply that there have been

no shifts in the composition of the microbial population or that

other microbial functions have not been altered.
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f. Our studies have also shown that crude oil does not affect

nitrogen fixation  under short-term exposure. This is essentially

the same conclusion reached by Knowles and Wishart (1977) in a

similar study made on samples collected in and near the Beaufort

Sea. The results of the short-term exposure experiments are in

marked contrast to our findings of long-term crude oil effects on

nitrogen fixation rates. The results of these studies are presented

later in this section.

2. Corexit effects.

a. There has been growing evidence that dispersants may have

adverse effects on a wide range of aquatic organisms. Hagstrom and

Lonning (1977) showed that the dispersant  (Corexit  9527) interfered

with fertilization and development of a sea urchin with some adverse

effects observed at concentrations as low as 0.0003 ppm. Hsiao et

al. (1978) showed that crude oil-Corexit mixtures were inhibitory

to primary production in Arctic marine phytoplankton. There has

been very little information published concerning the impact of

dispersants on microbial function. Gunkel (1968) states that 90

percent of marine bacteria were killed in the presence of

“emulsifier”. Mulkins-Phillips and Stewart (1974) showed

of four dispersants studied slowed initial growth rates.

10 ppm

that two

This

increased lag phase was more pronounced at an incubation temperature

of 10 C than at 25 C.

b. Our Corexit acute effects studies have shown that this dispersant

reduces the level of microbial activity in both water and sediment

samples. In one set of observations, the concentration of Corexit

required to reduce glucose uptake rates by 50% was 12 ppm. The

reduction in substrate uptake rates is probably due to an induced
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stress on the microbial population. In

Stewart study (1974), it was shown that

the Mulkins-Philips and

even though some dispersants

caused an increase in the lag phase of growth, growth was not

inhibited. When natural populations were exposed to dispersants

and crude oil, however, there were qualitative shifts in the microbial

population. In one case, the resulting population consisted of

100% pseudomonads. This was one of the experiments conducted

during the CEPEX project described by Menzel and Case (1977) which

consisted of observing the results of adding crude oil and Corexit

9527 to one of the seawater enclosure systeme.  At the end of the

experiment, the microbial population was essentially a pure culture

(G. G. Gessey, personal communication). It is quite possible that

what we are observing in this study is the initial phase of a

selection process which is acting to reduce the diversity of the

population. The changes in respiration percentages that we observed

in treated samples may reflect changes in the composition of the natural

microbial populations.

c. As was the case in the crude oil effects experiments, the

above-mentioned Corexit acute experiments were conducted with exposure

times of 12 h or less. In order to determine if there was an apparent

adjustment of pelagic microorganisms to the presence of Corexit,

we conducted the same type of experiment with this pollutant as that

used with crude oil (Figs. 44 and 45). We found that during the first

3 to 4 days exposure, the relative microbial activity was depressed

in the treated water samples; however, as the incubation time increased,

the relative microbial activity in the treated samples equalled and

eventually surpassed that observed in the controls. Extremely high
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relative microbial activity levels were observed when both Corexit

and nonlabeled glutamic acid were added to the water sample. This

indicates to us that Corexit does not interfere with the growth of

those organisms present which are capable of utilizing glucose (the

labeled substrate used to determine relative microbial activity) and

those capable of utilizing glutamic acid (the nonlabeled substrate).

Although these experiments are subject to the same potential

problems of interpretation as the crude oil exposure experiments,

there is stronger evidence that in fact, the organisms have adjusted

to the presence of Corexit (at least as far as glucose uptake is

concerned). Near the termination of both of these experiments, we

added another 50 ppm of Corexit to the reaction mixture. Those

samples which had previously been exposed to Corexit showed no

additional reduction in relative microbial activity, whereas the

controls (both with and without added NH4+) showed dramatic reductions

(65-85%) in glucose uptake rates. One curious aspect of these

experiments was that those samples to which nonlabeled glutamic

acid was added showed no reduction in glucose uptake rates when

exposed to the Corexit. These data suggest that actively growing

cells which are capable of utilizing glutamic acid, do not appear

to be inhibited by the presence of Corexit. Another curious result

of one of the experiments (Fig. 45) was that the presence of NH4
+

enhanced the growth of (glucose utilizing) organisms which were

exposed to Corexit. The results of this experiment suggest that

the microorganisms were utilizing Corexit for growth and that this

process was nitrogen dependent.
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During the same experiments , we also measured respiration

percentages (Fig. 46 and 4i’). When the waeer samples to which only

Corexit was added are compared with the controls, the percent

respiration was higher. This was not true in the samples treated

with glutamic acid where the controls and the Corexit-treated

samples produced respiration percentages which were essentially the

same throughout the experiment. These data suggest that in natural

pelagic microbial populations, Corexit increases the relative

amount of labeled substrate that is taken up and respired as C02.

This metabolic shift may be due to a fixed nitrogen limitation.

There are two pieces of evidence that supports this hypothesis; (a)

there was very little difference in the respiration percentages

observed in the treated and nontreated water samples to which

nonlabeled glutamic acid had been added. (b) the water samples

+
that were treated with Corexit and NH4 showed lower respiration

percentages than those samples that had not been augmented with
L

NH4T.

In summary, the Corexit experiments suggest that the presence

of high levels of Corexit

natural pelagic microbial

to reduce the longer term

alter the composition and/or function of

populations; however, it does not appear

survival and growth of heterotrophic micro-

organisms capable of utilizing glucose. These data also suggest

that the Corexit is actively being degraded by these organisms.

3. Effects of exposing natural microbial populations to both

crude oil and Corexit 9527.

We have consistently observed that the addition of Corexit to

crude oil in the acute exposure experiments increased the effect to
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a level greater than would be expected from either one alone. We

feel that this indicates an additive stress condition.

4. Short-term effects and management decisions.

Most of the effects of Corexit 9527 that we have observed are

probably relatively unimportant in pelagic microorganisms associated

with a well-mixed water mass. With the possible exception of the

bacteriovorous activity of protozoa, most of the stress effects

associated with addition of Corexit to the system would be greatly

reduced by the introduction of new species from other waters. In

water reassess where there is little mixing, a reduction in the

diversity of the population could cause long-term changes in

microbial function.

Essentially the same could be said for crude oil effects

the water column. If the crude oil becomes incorporated ineo

sediments, however, we know that

altered for a significant period

efforts should be made to reduce

be spilled on water in which

In the case of an oil spill,

should be restricted in

many microbial functions will

in

the

be

of time. For these reasons,

the risk of allowing crude oil to

there is little net mixing or transport.

the use of the dispersant Corexit 9527

waters with little mixing or net transport.

B. Long-term effects of crude oil on microbial function.

1. Role of bacteria in marine systems - an overview.

Before the effects of crude oil on marine microorganisms can

be fully evaluated, one must understand the roles of these organisms

in the marine system and the relative importance of these roles in

the overall productivity of the system. The main functions or

roles of marine bacteria are the following:
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a . Bacteria form the major link between primary and secondary

production. This works in two ways: bacteria package carbon produced

by the primary producers in a form that eventually feeds essentially

all of the consumers at all trophic levels. Also, bacteria convert

organic nitrogen and phosphate to the inorganic forms required by

algae for new plant material.

b. Bacteria control most of the biogeochemical processes which

directly affect the productivity of the system. These processes

control the concentrations of NH4+, NOj, NO;, P04-3, H2S, H2, 02, C02,

methane, and many other important chemical species. The rate at

which these compounds are converted from one form to another under

a given set of circumstances will often determine the chemical

environment at a given point. Because of the reduced diffusion and

mixing rates found in marine sediments relative to the water column,

the control of the environment by bacterial processes is of particular

importance in the sediments.

c. Bacteria can produce ectocrine compounds that may be required

for growth of other organisms. These “growth factor” requirements

may be particularly important to phytoplankton productivity under

certain conditions.

d. Bacteria and blue-green algae (now also classified as bacteria)

are the only organisms that are capable of fixing atmospheric

nitrogen into a form that is useable by all living organisms.

On a global scale, bacterial transformations

important means of converting fixed nitrogen

nitrogen.

are also the most

back into atmospheric



2. The role and relative importance of bacteria in the detrital

food chain.

Before proceeding, we would like to define the “detrital food

chain” or web. This is the movement of all organic carbon (organic

nutrients) from one trophic level to the next which originated from

sources other than the direct ingestion and directi utilization of—  .

plant material. Thus the nutrients that form the basis for the

detrital food chain includes all organics which are not associated

with living plant material that is eventually utilized directly by

some consumer. Up to a few years ago, the bacterial processes were

relegated to a dead-end box at the bottom of flow diagrams which

suggested that all of the organic material that could not be used

directly by higher trophic levels was mineralized by the bac~eria

and thus lost from the system. With renewed interest in this

problem and the availability of new techniques, much more has been

learned about the mechanisms involved in the detrital  food chain.

As we will show below, the bacteria do indeed mineralize organic

compounds; however~  they also fill a very important role in the

overall productivity of the system that has not become fully

appreciated until recently.

In an extensive study of the role of the detrital  food chain

in juvenile salmon production Naiman and Sibert (1979) stated the

following: “The results of our study support the concept of Mann

(1972) and Pomery (1974) that the ocean’s food web is detrital”.

Pomery suggested that the main route for the food web in the marine

environment was plants - microorganisms (primarily bacteria)-

consumers. This is in contrast with the classical view of algae-

herbivores-larger consumers, where the bacteria act only as mineralizers.
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Mann (1972) concluded that microorganisms provided the main

link in the detrital food web while studying the chemical composition

of plant material during decomposition. The same conclusion was

reached by Thayer et al. (1977) during a similar study of eelgrass

decomposition. In a 1975 study, Harrison and Mann showed that the

cropping of bacteria by protozoa increased the decomposition rate

of eelgrass leaves. Thus , the efficient degradation of this plant

material required not only microbial colonization but the cropping

of that population by higher trophic level consumers as well.

In the classical scheme, the majority of organic carbon produced

by phytoplankton was consumed directly by zooplankton. Recent

studies (Smith and Wiebe, 1976; and Larrson and Hagstrom, 1979)

have shown that a significant portion of this carbon may be released

as soluble carbon and that this in turn$ is converted to particulate

carbon by bacteria. Paerl (1978) has shown that bacteria colonize

the surface of actively growing phytoplankton (over 50% showed

colonization). This suggests that the bacteria are utilizing the

nutrients being released by actively growing phytoplankton. Using

radioactive tracer techniques, Cole and Likens (1979), concluded

that bacteria are the major agents of phytoplankton decomposition.

In a recent study by Fuhrman and Azam (1980), natural rates of bacterial

biomass production were estimated in water samples collected from

very different coastal marine locations. They concluded that

bacterial biomass production was a quantitatively important component

of coastal marine food webs.

As has been shown above, bacteria are important to many aspects

of the detrital  food chain. They are the most efficient organisms
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known in taking up and utilizing soluble organic compounds. It has

been estimated that if there were no bacteria in the water column,

that the level of soluble organic compounds would be at least 100

times greater than that currently found in marine waters. This

means that these soluble organics  are converted to particulate

organic carbon in the form of bacterial biomass which can then be

used as a food source for higher organisms. Bacteria also produce

enzymes which hydrolyze such recalcitrant compounds as cellulose,

chitin and lignin. The resulting soluble compounds are taken up by

bacteria and

is colonized

The bacteria

converted to bacterial biomass. The detrital material

by bacteria which is then ingested by higher organisms.

are digested off the detrital material and detrital

particles are then released back into the environment as fecal

pellets. These pellets are recolonized by bacteria and reinfested.

The end result of this process is a food source which has low C:N:P

ratios and thus is an excellent balanced organic nutrient. The

enrichment of both nitrogen and phosphorous is made possible by the

extreme efficiency with which bacteria are

elements.

In a 1977 review article, Fenchel and

able to take up these

Jorgensen presented

evidence that

food chain in

that only 10%

quantified the relative importance of the detri.tal

nutrient transfer through the system. They showed

of macrophytic and seagrass biomass was grazed on

directly by herbivores. Considering the composition of most terrestrial

carbon, we assume this would hold true for this potential nutrient

source as well. If the estimabes that over 50% of the phytoplankton

produced carbon is also routed through the detrital food chain are
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correct, the total nutrient flow via this route is substantial.

Fenchel and Jorgensen (1977) estimated that on the average 50% of

all primary productivity is utilized via this route in the worlds

oceans. The figure for nearshore environments runs near 80%.

3. The role and importance of bacteria in the mineralization

process.

During the mineralization process, the carbon, nitrogen,

phosphorous, sulfur and trace elements that are incorporated into

organic molecules are converted into inorganic forms that are then

reincorporated into organic molecules by biological activity

(primarily through the actions of plants). The high metabolic

activity found in bacteria, make them the most important factor in

this process. In systems in which fixed nitrogen is limiting for

phytoplankton growth, the rates at which bacteria are capable of

mineralizing organic material may directly affect the rate of

primary productivity by phytoplankton. During a seasonal study of

relative microbial activity in waters near Vancouver Island, B.C.,

a pulse of high microbial activity was observed both before and

after the major spring phytoplankton  bloom (Albright,  personal

communication). It was felt that the first pulse in microbial

activity might have released the inorganic nutrients required for

the spring bloom. Schell (1974) reported that there was strong

evidence that microbial mineralization processes were the most

important factor in the accumulation of inorganic nutrients during

the winter months in the Beaufort Sea. It was suggested that this

was the source of inorganic nitrogen required for the spring phyto-

plankton bloom.
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4 . The role and importance of microbial nitrogen fixation in the

marine environment.

In recent years, a new, sensitive, fast and relatively inexpensive

assay for measuring in situ rates of nitrogen fixation has been——

developed (Stewart, 1967). This has greatly facilitated the study

of this process in both terrestrial and marine systems, At this

point there have been a number of studies which have reported rates

of nitrogen fixation in marine sediments. Rates that have been

reported in colder marine environments compare well with those that

we have observed in our studies. There is, however, a great deal of

difficulty in determining what significance this has to the total

nitrogen budget of a given body of water. In the last three yearss

there have been reports of studies where the relative importance of

nitrogen fixation to the nitrogen requirements of specific marine

plant species have been estimated (Capone et al., 1979; Teal et

al., 1979; and Zuberer and Silver, 1978). In all three cases,

nitrogen fixation was thought to account for about 30% of the

nitrogen requirements for the plants studied.

Although we do not have the information required to report a

complete nitrogen budget for the areas we have studied, we do have

indirect evidence that nitrogen fixation may be important to the

funceion of the detrital food chain in marine sediments. It is

generally accepted that nitrogen is limiting for carbon utilization ‘

in many marine sediments. This would be particularly true in sediments

where the primary organic carbon input was low in organic nitrogen;

i.e., macrophytic and terrestrial carbon. During cruises in Cook

Inlet, Shelikof Strait , and Norton Sound. we meas”ured nitrogen

fixation rates while Dr. Atlas and his associates measured natural
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rates of denitrification. Thus, the net fixed nitrogen generated

in the sediments was compared to the removal of fixed nitrogen to

atmospheric nitrogen by denitrification. In Kamishak Bay, the mean

rate of denitrification was much greater than the mean rate of

nitrogen fixation. This indicated to us that detrital  particles

generated in the Lower Cook Inlet during a period of phytoplankton

blooms were probably settling out of the water column and into the

sediments. Nitrogen rich detrital particles from Upper Cook Inlet

may also contribute to the organic content of Kadshak Bay sediments.

This transport would probably bring in exogenous organic nitrogen

which could be mineralized (ammonification)  and oxidized (vitrification).

The end result of these processes would make more nitrate available

for denitrification. In addition, the presence of organic nitrogen

would inhibit nitrogen fixation.

We know that currents on the west side of Cook Inlet travel

south into the Shelikof Strait. As detritus that is generated in

Cook Inlet is carried south by this current, we would anticipate

that the nitrogen content would be decreased as the available

organic nitrogen is used up. The bacteria associated with the

detritus should preferentially utilize organic N-containing compounds

(mostly protein). The bacteria would then be cropped, thus removing

the nitrogen from the particles. The end result of these processes

would be the deposition of detritus material with high carbon to

nitrogen ratios, i.e. low concentrations of organic nitrogen. If

this were the case; one would predict thab the rates of nitrogen

fixation would be relatively high and should approximately equal

the rate of denitrification. This is exactly what was observed in

Shelikof Strait. The mean value for nitrogen fixation was higher
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in the Shelikof Strait than in any other region that we have studied

(see Section I for details). These data suggest to us that nitrogen

fixation is an important and constant feature of the detrital food

chain in the Shelikof Strait.

A similar pattern was observed on a seasonal basis in our

1979 Kasitsna Bay studies. In the sediments near Kasitsna Bay, there

was a major input of carbon into the sediments during the summer

which was reflected in much higher benthic  relative microbial

activity than at any other time of the year. It was during this

same season that we observed the lowest mean value for nitrogen

fixation. The highest mean

feel that the detritus that

value was observed in November. We

settles out of the water column during

the late spring and summer contains a relatively low carbon:nitrogen

ratio; thus the low nitrogen fixation rates. As the bacteria

preferentially utilize the compounds containing relatively high

concentrations of nitrogen and this nitrogen is removed as the

bacteria are cropped, the carbon:nitrogen  ratio in the detritus

increases; i.e., there is a net loss of fixed nitrogen. This

results in high rates of nitrogen fixation in the late fall when

there are still relatively large amounts of easily utilizable

carbon available but very little fixed nitrogen. As the season

progresses, the nitrogen fixation rates decrease because carbon in

a readily available form becomes depleted.

One other observation leads us to conclude that nitrogen

fixation might be important to the detrital food chain. Using the

mean yearly rate of nitrogen fixation in the sediments near Kasitsna

Bay, we calculated that the concentration of all forms of fixed
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nitrogen in the interstial waters of the same sediments could be

replaced by nitrogen

5. Long-term crude

sediments

a. Overview

fixation every

oil effects on

24 hours.

microbial function in marine

1. Changes related to the detrital food chain perturbation.

a.

b,

c.

d.

e.

f.

g*

Decreased bacterial cell biomass.

Decreased microbial activity, increased respiration

percentages and therefore reduced microbial biomass

production.

Decreased total adenylates  (decreased total biomass).

Decreased nitrogen fixation rates.

Increase in detritus accumulation on sediment surface.

Decreased infaunal activity such as burrowing”

Decrease in structural polysaccharide  degradation

(enzyme activity)

2. Changes related to mineralization.

a. Decreased alkaline phosphatase activity.

b. Decreased microbial activity.

c. Decreased denitrification and nitrogen fixation.

d. Decreased oxygenated zone and extension of this zone

via infaunal  burrowing.

3. Changes related to altered chemical environment.

a. Increase in hydrogen ion concentrations in surface

sediments.

b. Decreased redox potential in surface sediments

(anoxic conditions prevail).
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c.

d.

b. Crude oil

There now

of the effects

Presumed increase in hydrogen sulfide concentrations.

Increase in methane and C02 concentrations.

effects on the detrital food chain.

exists in the literature, extensive documentation

of crude oil on benthic organisms (Boucher, 1980;

Carr and Reish, 1977; Elmgreen  et al., 1980; Giere, 1979; Swenmark,

1973; and Taylor and Karinen, 1977). If these organisms are killed

or driven out by the presence of crude oil, several important changes

will take place in the system. The burrowing activity, which is

now known to have an important function in the overall metabolism

of the sediment by increasing the total oxidized surface area, is

reduced. Burrowing activity is also responsible for the turning

over of the sediments (more will be said about this in the next

sub-section). Of greater importance to the detirital food chain is

the interruption in the flow of bacterial biomass which is utilized

by higher trophic levels. If there are no organisms present that

are capable of cropping the bacteria, then the sediments become in

effect, carbon sinks. The organic carbon that would normally be

used as the basis

the

the

sediments and

food chain.

Our study of

for most secondary productivity will remain in

will no~ be used as a food source for the rest of

oiled sediments indicates that this is what is

taking place. The non-oiled sediments showed very little accumulation

of detrital  material even at the height of the spring phytoplankton

bloom. They also contained the normal 2-3 cm of oxidized sediment

on the surface and extensive evidence of infaunal  borrowing. In

contrast to this, the oiled sediments had extensive detrital  deposits
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on the surface and there was essentially no oxidized layer on the

surface of the sediments. In addition, there was no evidence of

burrowing activity.

Our measurements of total adenylates  indicate that there was

reduced total biomass in the oiled sediments. This reduction was

almost twice that which would be expected from the known reduction

in bacterial biomass as determined by direct counts (epifluorescent

microscopy) . We therefore conclude that the balance of the reduction

was due to reduced infauna which are potentially bacteriovorus.

There have been a number of studies in which it has been shown

that microbial activity is actually stimulated when bacteria are

being actively cropped (Harrison and Mann, 1975 and Fenchel and

Jorgensen, 1977). We have observed both a reduction in microbial

activity and a reduction in bacterial biomass in oiled sediments.

This could, in part, be due to the absence of bacteriovores in the

oiled sediments. It is more likely; however, that this reduction

is in response to the toxic effects of the crude oil itself. We

have shown that microbial activity is reduced in the presence of

crude oil under short-term (8 hour) exposures. In addition, we

have seen that the respiration percentages are increased in presence

of crude oil. This means that proportionately more of the nutrients

that are utilized by the bacteria are being respired as C02 and

less is being incorporated into bacterial biomass. Even if the

bacteria were being cropped, this would mean a greatly reduced

efficiency in converting detrital carbon into usable carbon for

secondary productivity.

Another indication of stress induced by the toxic properties

of crude oil is the decreased energy charge ratios observed in
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oiled sediments. These ratios, which are generated by comparing

relative levels of ATP, ADP, and AMP, are an indication of the

metabolic activity of microorganisms (Wiebe and Bancroft,  1975).

The higher the ratio, the more active the population; conversely,

the lower the ratio, the less metabolically active the population.

An additional major function of microorganisms in the detrital

food chain is to produce enzymes which breakdown organic compounds which

would otherwise accumulate in the sediments and thus would not be

utilized by higher trophic levels. Our studies have shown that crude

oil reduces the activity of some of these enzymes. More specifically,

we have observed that the enzymes that breakdown cellulose and

chitin (two structural polysaccharides)  are inhibited (Table 45

and 46). Actually, our data suggests that the enzyme itself may not

be inhibited, but that the formation of the enzyme and/or the growth

of the organisms that produce these enzymes are inhibited. Regardless

of the mechanism involved, the results of our effects studies suggest

that the actual degradation of chitin (the structural material in

invertebrate shells), cellulose (the structural material in

plants) and dried macrophytes is reduced in the presence of crude

oil. Our data further suggests that the change in degradation rates

of these compounds may account for changes that we have observed in

many of the other variables that we have been monitoring.

Under normal conditions, these enzymes would solubilize these

complex compounds into simple moelcules which are, in turn, taken up

by the bacteria to form new biomass. This biomass would then be

utilized as a food source by higher trophic levels. It appears from

our data that crude oil interferes with

levels; from the enzymes that breakdown
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to the formation of bacterial biomass, to the utilization of bacterial

biomass as a food source.

It should be pointed out that during the course of the same studies,

we observed that crude oil apparently stimulated the enzyme activities

of those enzymes that breakdown storage polysaccharides such as starch

and algin. These are storage products that are found in phyto-

plankton and macrophytes,  respectively. It is thus very possible, that

the effect of crude oil on nutrient cycling may depend on the types

of organic compounds found in the impacted area. Although we have

no direct information about what the

where the primary nutrient source is

with a dried macrophyte suggest that

impact would be in sediments

from phytoplankton,  our studies

the breakdown of this material

would be adversely affected by the presence of crude oil.

c. Crude oil effects on mineralization and nitrogen fixation.

During our studies, we have observed changes due to the presence

of crude oil that strongly suggest that the rate of mineralization

is reduced. These effects could have a direct bearing on primary

productivity rates of marine algae. We have direct evidence that

mineralization rates for simple soluble organics  can be reduced by

over 50% (the glucose, glutamic acid and acetate uptake rates shown

in Tables 27-31). These reduced rates may, in part, be related to

the reduced oxygenated zone observed in the oiled sediments. Most

normal marine sediments contain two zones; a top oxidized zone in

which most of the mineralization of organic material by microorganisms

takes place and an anaerobic zone beneath it (Vanderborght et al.,

1977). In a recent review of mineral cycling by Fenchel and

Blackburn  (1979), it was shown that the presence of the top oxygenated
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zone is essential for normal mineralization of organics. Without

this zone, the products of anoxic metabolism can escape from the

sediments. Many of these products

organisms. Under most conditions,

takes place in the oxygenated zone

studies of redox potential changes

eliminated in oiled sediments.

are toxic to most higher (eucaryotic)

more than 90% of all mineralization

near the sediment surface. Our

suggest that this zone is essentially

Classical studies of marine sediments often treat sediments as .

a two dimensional layered system. Recent studies have shown that

this model is a gross oversimplification of the actual condition

in marine sediments (Rhodes and Young, 1970 and Gerlach, 1978).

For example, the burrowing activity of infauna can greatly increase

the extent of the oxidized layer mentioned above, it can act to

physically turn over the sediments bringing to the surface nutrients

that would be left at depth and the pumping action by some organisms

can bring oxygen and oxygenated compounds into the deeper sediments.

Dennis Lees (personal communication) has calculated that the

burrowing activities of one species of clam would increase the

surface area in Western Cook Inlet sediments by roughly 2.5 times.

This is only one of many species present which could provide this

function. If crude oil eliminates key infaunal species, the rates

of mineralization would certainly be reduced even if there were no

other detrimental effects.

In addition to the general reduction in mineralization rates,

we also have conducted observations that suggest that specific

reactions which are involved in mineralization are affected by the

presence of crude oil. These effects would be additive to those

described above. We have observed that the natural rates of
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denitrification  were reduced below detectable levels

exposed to crude oil for periods of up to one year.

at least a 97% reduction in activity. When the same

in sediments

This represents

experiments

were conducted in sediments to which nitrate was added, the crude

oil treated sediments showed a 57% reduction in denitrification

rates. The denitrification reaction converts nitrite to nitrous

oxide and then to atmospheric nitrogen. If an excess of nitrate is

added to the system, this is converted to nitrite which is then

utilized in the above reaction. In the non-augmented samples, the

activity in oiled sediments was reduced to less than 3% of the

control. This is in contrast to a rate that was 33% of the control

when nitrate was added. It thus appears that the reaction that

converts ammonium ion to nitrite may be impaired in the oiled

sediments. Recent measurements of denitrification  in Elson Lagoon

oiled sediments by Dr. Atlas have shown similar results. In his

study, there was no difference between oiled sediments and the controls

in experiments where nitrate was added but there was a significant

reduction in natural rates (see his final report for RU 1/29).

We have not been able to document by direct observation the effects of

crude oil on ammonia oxidation because we have not been able to detect

this process in Kasitsna Bay sediments.

Another function of microorganisms is the conversion of organic

phosphate to inorganic phosphate. The enzyme that is responsible

for this reaction is phosphatase. In both the oiled sediments from

Elson Lagoon and Kasitsna Bay, we have consistently observed lower

phosphatase activity in these sediments relative to the controls. We
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have also observed that crude oil reduces the activity of the enzyme

arylsulfatase. The exact function of this enzyme in marine sediments

not been documented but it has been suggested by Oshrain  and Wiebe

(1979), that this enzyme may initiate arylsulfate  ester metabolism.

Thus, this enzyme may be important in mineralizing components of

marine algae.

Another microbial process that adds nitrogen to the system is

nitrogen fixation. In the Kasitsna  Bay, we have consistently

observed that the rates of nitrogen fixation in oiled sediments are

greatly reduced relative to the controls. This effect takes place

fairly rapidly (within a few days)

crude oil concentrations.

d. Crude oil effects on sediment

and it occurs

chemistry.

at relatively low

We have observed several phenomena which suggest that the

chemical properties of sediments are altered by the presence of

“crude oil. These changes undoubtedly reflect changes in microbial

activities caused by the crude oil. There is a marked reduction in

the redox potential in the surface of the sediments. This iS

probably due to the reduction in the available 02 present. These

anaerobic conditions are also reflected in the increased rates of

methane production that we have observed in oiled sediments.

Although we have not measured it directly, there is strong presumptive

evidence that another

sulfide @2S) is also

sensitive to hydrogen

consistently detected

product of anaerobic metabolism, hydrogen

being produced. The human nose is very

sulfide (rotten egg smell). Our noses have

H2S in oiled sediments. In addition, we have

observed

of oiled

the growth of bacteria known to utilize H,S on the surface&
sediments but not on the surface of the controls.
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We have also observed changes in the sediment surface hydrogen

ion concentration (pH) during the first 5 months of exposure. The

hydrogen ion concentration increases (pH decreases)in the oiled

sediments. With exposure periods beyond 5 mo, these differences

were no longer statistically si~ificant. Under these acidic conditions,

there should be a significant shift in the chemical balance of a number

of potentially important chemical species (Fenchel and Blackburn, 1979)

These data suggest that crude oil causes significant changes

in the sediment surface which will undoubtedly effect recruitment

of benthic organisms into the impacted area. These effects may

be present long after the initial toxicity of the crude oil has

dissipated.

e. The effects of “weathered” crude oil and crude oil overlays

All of the effects that have been described above have been

observed in sediments that had been thoroughly mixed with fresh

crude oil. We conducted one experiment in which sediments were

exposed to “weathered” crude oil at two concentrations for a period

of 1 year. The variables that were measured were glucose uptake

and respiration, phosphatase activity, redox potential, and nitrogen

fixation showed the same changes that we observed in fresh crude

oil exposures except in some instances the effect was somewhat

less. The nitrogen fixation rates, on the other hand, did not show

a significant change from the controls when exposed to “weathered”

crude oil. This suggests that nitrogen fixation may be inhibited

by some volatile fraction of crude oil. Knowles and Wishart  (1977)

reported observations that seem to substantiate our hypothesis. They
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found that Beaufort Sea sediments that had been exposed to “weathered”

crude oil, hexane, decane, dodecane, and hexadecane had no effect

on nitrogen fixation; however, 1, 2, 4 trimethylbenzene completely

inhibited nitrogen fixation in the same sediments.

During a study of crude oil impact on soft marine sediments

following the Tsesis oil spill, Elmgren et al. (1980), conducted

hydrocarbon analyses on the sediments in the impactied area. They

concluded that most of the crude oil that settled out of the water

column became associated with the flocculent layer at the sediment-

water interface. Although we were not able to duplicate these

conditions, we did attempt to approximate this situation by placing

a layer of crude oil treated sediment approximar.ely  1 cm thick over

a nontreated sediment. This experiment was conducted using both

fresh and “weathered” crude oil. Under these conditions, the fresh

crude oil produced statistically significant changes which were

essentially the same as those observed in the experiments in which

the entire sediment was exposed to crude oil. The only change that

was statistically significant in the llweatheredl’  crude oil overlays

was a reduction in denitrification rates of 72%. These observations

suggest that the actual effects of crude oil on microbial function

under spill conditions may depend on the degree of weathering and

the way in which the crude oil is mixed with the sediments.

f. The effects of fresh crude oil on microbial function in sediments

augmented with organic nutrients.

A series of experiments were conducted on Kasitsna  Bay sediments

in which a number of different organic substrates were added.

These experiments were designed to provide information about how
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crude oil might affect microbial function when various types of

organic nutrients were present and to determine how the presence of

two of these substrates (starch and chitin) would effect crude oil

degradation. The results of the degradation data are presented in

Section V of this report.

The interpretation of these data is complicated by the fact

that there are so many variables that must be considered. For

example, if crude oil inhibits the breakdown of a given substrate,

then we would expect to find a lower 02 demand and less energy to

drive such energy requiring reactions as nitrogen fixation. If

nitrogen containing substances are broken down, then we would

expect to see an increase in ammonia which may be toxic at higher

concentrations to both nitrogen fixation and glucose uptake. In

summary, while interpreting these results, changes in ammonia, 02,

and available carbon must all be considered. It also appears that

exposure time might also change the observed effects.

1. Effects on denitrification  potentials.

Regardless of the substrate added,

in potential denitrification  rates when

augmented sediments were compared. The

there was always a depression

the nontreated and substrate

same can also be said of

redox potentials indicating that the substrate is being oxidized

with a resulting reduction in available 02 and other potential

electron acceptors. In most cases, when fresh crude oil is added

to the system, the denitrification rates are further reduced.

There were three cases in which this was not true. In two studies,

there were significant increases in denitrification potential in

oiled sediments supplemented with cellulose. The other exception was
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under the same conditions when the sediment was amended with ch’itin.

During the amended tray study, we also observed that the enzymes

that breakdown chitin and cellulose were inhibited by the presence

of crude oil. Thus in the presence of crude oil, we would expect

that fewer of the breakdown products from these two compounds would

be available to the microbial populations in oiled sediments amended

with these substrates. If fewer breakdown products are available

for oxidation by the microorganisms, then we would expect that the

redox potentials would not be as low under these conditions. This

is exactly what was observed. From these data, it would appear

that the reductions that we observed in denitrification rates in

the presence of crude oil was due to the secondary effect associated

with reduced redox potential rather than a direct toxic effect.

2. Effects of crude oil on nitrogen fixation rates.

There were only two cases where nitrogen fixation rates were

not reduced in the presence of added substrates. One where cellulose

was added and one where starch was added. It is not known why a

reduction did not occur in this one instance with cellulose. In

the other instance, we strongly suspect that the observed stimulation

was caused by a contamination of the starch with a simple sugar.

There were four cases where nitrogen fixation was stimulated

in the presence of crude oil in augmented samples; twice when

starch was added and twice when chitin was added. Since we have

shown that amylase is stimulated in the presence of crude oil, the

increase in nitrogen fixation in the starch ammended sediments

could be due to the increase in glucose production which provides

the energy source for nitrogen fixation. Under these conditions,

there would be a shortage of fixed nitrogen which would optimize
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the conditions for nitrogen fixation. These ideal conditions would

offset the toxic effects of the crude oil. The resultant nitrogen

fixation were as high or higher than the nonamended  controls.

In the sediments amended with chitin, the slight increase in

nitrogen fixation rates in those samples exposed to crude oil could

be due to the inhibition of chitobiase. The breakdown of chitin

would release fixed nitrogen, probably in the form of aumonia,

which would tend to inhibit nitrogen fixation; a phenomenon that is

well documented in the literature.

In summary, these studies suggest

both direct toxic effects and indirect

fixation. The studies with “weathered”

toxic effects are caused by components

that crude oil can cause

effects that depress nitrogen

crude oil suggest that the

in the volatile fraction of

fresh crude oil. These studies also suggest that the reduction in

redox potential is not the secondary or indirect effect that is

causing the reductions in nitrogen fixation observed when organic

substrates are added to the sediment.

3. Effects on glucose uptake and respiration.

During the course of our Kasitsna  Bay studies, we have measured

the effect of reducing available 02
in glucose uptake experiments.

We have found that there is little effect on glucose uptake but

there is always an increase in the respiration percentage. In

every case where the sediments were supplemented with organic

substrates, the respiration percentage increased. Under more

anaerobic conditions, the efficiency of energy production per mole

of substrate decreases, therefore one would expect to find proportionately
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more substrate being mineralized to provide a given amount of

energy. A careful analysis of the redox data shows; however, that

the changes observed in oiled sediment percent respiration is not

entirely caused by a change in available electron acceptors. For

example, in the cellulose and chitin amended trays, the redox

potentials changed very little or actually increased in the presence

of crude oil. All of these sediments showed increases in respiration

percentages when compared to the amended controls (three out of

four showed significant changes).

When we look at the

redox potential has very

cases, when the sediment

glucose uptake data, it is apparent that

little effect on this function. In most

was amended with an organic substrate, the

glucose uptake rates increased. When crude oil was added to these

sediments, the uptake rates decreased in most cases. Where there

was little or no change, secondary effects which councered the

toxic effects of crude oil were the apparent causes; i.e., in the

case with starch where crude oil stimulated the production of

glucose. These observations along with the results of the short-

term crude oil effects studies suggest that the primary crude oil

effect on glucose uptake is direct.

4. Effects on C02 evolution and methane concentrations.

The results of these mwuwrements are very difficult to

interpret for a number of r@@ons. First, the degradation of crude

oil most likely produces th@ increase in CO production.2
But 21S

the redox potential is reduced , one would expect to find a higher

proportion of carbon released as methane as conditions become more

anaerobic. Our time-course studies have shown that upon initial
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exposure, crude oil depresses the formation of both of these compounds,

but as the exposure time is increased, the production of these

gases increases as the crude oil is degraded and the sediments

become more anaerobic.

5. Summary of amended

These studies have

sediment observations.

shown that the primary effect of fresh

crude oil on nitrogen fixation and glucose uptake is a direct-toxic

effect. On the other hand, the primary effect on denitrification

and CO production and methane concentrations is probably indirect.2

The effect on denitrification is closely linked to the resulting

redox potential. The effect on respiration percentages is both

primary and secondary.

g. Effects of crude oil on microbial function in sediments collected

from various locations.

We conducted observations on the effects of crude oil on

microbial function in both sediments collected from the Beaufort

Sea (Elson Lagoon) and the Cook Inlet (Kasitsna and Coal Bays).

The variables that were affected by crude oil in one location were

usually affected in the other as well. The exception to this was

nitrogen fixation. Even after 2 years exposure, we did not observe

a significant reduction in Elson Lagoon sediment nitrogen fixation

rates in crude oil treated sediments. This suggests that although

most of the changes in response to crude oil perturbation are

essentially the same in Arctic and sub-Arctic marine sediments,

some basic differences do exist.

When we compared the measurements made in

Coal Bay sediments, we also noted differences;
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quantitative in nature. The only major difference observed was in

C02 production rates which were depressed instead of being increased.

6. Long-term effects of the dispersant Corexit 9527 on microbial

activities.

During our Kasitsna Bay studies we have observed the long-term

effects of Corexit on a number of microbial functions. At a concen-

tration of 500 ppm, the only effect observed was that expected from

the addition of an organic nutrient to the sediment. These observations

did not; however, include measurements of bacterial species diversity.

We did, however, observe increased effects when Corexit was added

to crude oil. The Corexit appeared to enhance the toxic effect of

the crude oil in the initial months of exposure. This same phenomenon

has also been reported by others who have studied other marine

organisms (Swedmark  et al., 1973).

c. Seasonal observations of

sediments near Kasitsna Bay.

One of the objectives of

microbial function in the waters and

our Kasitsna Bay work was to determine

what seasonal changes might occur in certain key microbial functions.

These observations were designed to accomplish several objectives;

(1) to determine natural seasonal variation, (2) to determine the major

sources and sinks of carbon and nitrogen in the system, (3) to determine

if there were seasonal differences in the actual or potential impact

of crude oil on key microbial processes, and (4) to determine the

relative importance of various microbial processes which might be

impacted by crude oil perturbation.



1. Observations on the carbon cycle.

By analyzing the relative microbial activity in waters and

sediments, we have an indirect measurement of the organic carbon

that comes into the system. These measurements along with primary

productivity determinations show that there is a major input of

organic carbon from the water column in either late spring or early

to mid summer. In 1979, there was a major phytoplankton bloom in

April with a secondary bloom in August. In 1980, some phytoplankton

growth was observed in April but most of it occurred in June with a

secondary peak in August. There was apparently a lag between the

input of this carbon and changes in the microbial activity in the

sediments which would reflect the presence of this carbon. The

peak in relative microbial activity that we observed in the sediments

in August, 1979 might not, however, have been due to the input of

carbon from phytoplankton  but from the summer input of terrestrial

carbon and carbon from macrophyte biomass. Although there is no

quantitative data available on the magnitude of the terrestrial

carbon input into this region, it is known that there is considerable

macrophytic production at this time (Lees, personal communication).

If the major input of organic carbon into the sediments is from

these sources, the presence of crude oil could have a very severe

impact on the detrital food chain in this and similar regions since

it is known that most of this material must be converted to bacterial

biomass before it can be utilized by the rest of the food chain.

In addition, we have shown that crude oil adversely affects the

enzymes that would be primarily responsible for the breakdown of

their structural components.
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Our studies of relative microbial activity in the sediments

located near Kasitsna  Bay indicate that terrestrial input represents

a major portion of the carbon coming into the sediments at the

heads of the two major bays in the region. During all field studies,

the relative microbial activity found in the sediments near the

head of these bays was significantly higher than the locations

toward the mouth.

The study of relative microbial activity and phosphatase and

arylsulfatase  activities in the sediments of Kachemak Bay indicate

that most of the carbon present in this bay may come from marine

sources. We do not know at this time if this material is primarily

from phytoplankton or from macrophytes.

2. Observations on the nitrogen cycle

Although rates of denitrification  were generally below the

detection limits of the techniques used, we were able to detect

relatively high rates of nitrogen fixation in the sediments near

Kasitsna Bay. On a seasonal basis, we observed significant changes

which appear to be linked to the input of organic substrates. The

patterns observed in this study suggest that nitrogen fixation is

linked to the demand for fixed nitrogen, when the availability of

fixed nitrogen in the remaining detritus is reduced. Thus, the

initial effect of crude oil on nitrogen fixation would probably be

of lesser importance in the late summer than at any other time of

the year. Although, as we have seen in the long-term effects

studies, the duration of the adverse effect of crude oil on nitrogen

fixation is long enough that the season at which the initial impact

takes place is probably relatively unimportant.
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D. The importance of long-term crude oil effects relative to

overall productivity.

With the information that is available to us at this time,

it appears that in areas where levels of fresh crude oil reach 1 ppt,

there would be a measurable reduction in the numbers of all organisms

present that are dependent on food sources in the impacted area.

On Kachemak  Bay and similar bays in the sub-Arctic marine environment,

the total amount of available food cycled through the detrital food

chain should range from 50 to 90%. Our studies on crude oil effects

indicate that a concentration of 1 ppt, the production of bacterial

biomass (the basis for this food chain) is reduced by a least 50%

in sediments exposed for as long as one year. Even if this was the

only adverse effect caused by crude oil, we would expect to find

a reduction of 25 to 45% in the amount of food available to the higher

trophic levels in the impacted. area. Since it is known that many

commercially valuable species in Kachemak  Bay are directly dependent

on food from the detrital  food chain (Feder, final report for RU /}5),

it is evident that an extensive spill could have a serious impact

on the commercial fishing industry in this region.

At this time, we have no good estimate on how much of the

inorganic nutrients present are generated locally by microbial

mineralization. If this is an important source of inorganic nitrogen

and phosphorous, for primary production, we would anticipate a

further reduction in overall productivity. Another unknown at this

time, is the extent to which crude oil affects the organisms that

are the primary detrital feeders in the system. Any adverse effect



on them would also reduce the overall produc~ivi~y  of the system.

Thus, it can be seen, that if crude oil does become incorporated

into these marine sediments, our estimation on the effects of crude

oil on this system is probably low.

The actual impact of a major spill to the overall productivity

of the impacted area would depend on a great number of variables.

Some of these include the type, degree of weathering and concentration

of oil incorporated into the sediments. It would also depend on

how thoroughly the oil was mixed with the sediments and the extent

of the impacted area. In addition, it would also depend on the

relative importance of the area to the juvenile stages of key

species. It is obvious that much more work remains to be done

before a realistic estimate of potential environmental impact can

be made for a given set of circumstances. The duration of the

impact is

statement

Potential

another factor that must be kept in mind. In the introductory

made by Vandermeulen (1978) during a symposium on “Recovery

of Oiled Marine Northern Environments”, he suggested that

it might take 5-15 years before the oil impacted region would

return to normal, In a long-term study of the effects of #2 fuel

oil on a section of a Massachusetts coasline  impacted following a

spill, Sanders et at. (1980) reported that

the biota that were still measurable after

In an attempt to make some projection

there were effects on

five year.

as to the duration of

the crude oil effects in the Kasitsna  Bay tray study, we have

plotted percent reductions in glucose and glutamate uptake rates

and nitrogen fixation for the five sampling periods (data taken

from Tables 27-31). Omitting the one low observation
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for glutamate uptake, the points were fitted alternately to a linear

(Y = ba + bX] and a power curve Y = aX ) reduction, we can estimate

possible maximum and minimum times for the specific crude oil effects

to disappear. The extrapolated values were: glucose uptake -

2.6 to 6.8 years, glutamate uptake - 1.6 to 3.3 years, and nitrogen

fixation - 1.9 to 8 years. However, it must be noted that this

current study was not continued long enough to accurately determine

the actual rate at which the crude oil effects will subside.

In the Elson Lagoon study, measurable changes in many variables

did not occur until the sediments had been exposed for 9 months.

Once these changes were initiated, they persisted for at least 2

years (the length of the study). The results of our studies suggest

that the effects of crude oil in the sediments of the Beaufort Sea

would persist for a much greater period of time than that observed

in the more temperate climate of Cook Inlet. Judging by the delayed

onset of measurable change, the impact could last up to 10 times

longer in the Beaufort Sea. This is probably due to the length

and degree of metabolic depression during the winter months in the

Beaufort Sea inshore sediments.

E. The relevance of our observations to actual spill conditions.

We designed our experimental conditions so that the changes

that we observed would be similar to those observed under conditions

of maximum impact; e.g., we thoroughly mixed fresh crude oil directly

into the sediments at relatively high concentrations. We did this

in order to make sure that we would be able to measure changes that

might take place. As it turned out, the observed changes were so

dramatic that this measure may not have been needed. Although the
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concentration used in these experiments seemed high at the time we

initiated this experiment, a recent report by Vandermeulen et al.

(1979)  showed crude oil  concentrations twice this magni tude in

sediments along the coast of France following the Amoco Cadiz spill.  —

(110 ppt). It would thus appear that the concentration that we

used in the initial experiment was high but yet possible under

actual spill conditions.

More realistic levels of petroleum hydrocarbons in marine

sediments would be in the range of about 0.1 to 1.0 ppt in heavily

contaminated sediments following an oil spill (Boucher,  1980).

Although high levels of petroleum hydrocarbons were not found in

subtidal sediments following the Tsesis spill, concentrations of

up to 7 ppt were observed in the particulate matter that was settling

out of the water column (Boehm et al., 1980). In the same report,

it was suggested that current sampling methods do not allow the

accurate sampling of the flocculent layer at the water-sediment

interface which probably contains most of the hydrocarbons.

We conducted a series of experiments that were designed to

determine what effects crude oil might have on microbial function

at concentrations ranging from 0.1 to 50 ppt. With the exception

of denitrification potentials and phosphatase activity, all of the

variables that we studied showed the greatest change in function in

sediments that had been exposed to crude oil concentrations at or

below 1 ppt. Higher

effect. Significant

redox potentials and

0.5 ppt. Measurable

concentrations generally had little additional

reductions in microbial biomass productions

nitrogen fixation rates were all observed at

but not statistically significant changes were
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observed in the same variables in sediments exposed to 0.1 ppt

fresh crude oil. It would thus appear very probably that the types

of observations that we have documented would be found under actual

spill conditions.

The only data that we have had an opportunity to gather under

spill conditions were those obtained from Glacier Bay in the spring

of 1979. A small amount of fuel oil was spilled by a cruise ship

in Glacier Bay, AK, located north of Juneau. Our analysis of

intertidal sediments collected from the spill site indicated that

changes did occur in glucose uptake rates and respiration percentages.

The only other observation that has come to our attention that

substantiates our findings under spill conditions was reported

after the Tsesis oil spill (see final report). They observed that

the oxygen concentrations in the bottom waters were depressed in

the area of the spill. This is an observation that we would have

predicted from our results.

F. Recommendations regarding the types of measurements that

should be made during a major spill to assess environmental impact.

During past environmental impact studies of major oil spills,

the primary emphasis has been in assessing the direct impact of

crude oil on higher organisms and the type and concentration of

petroleum hydrocarbons associated with the impacted area. More

recently, assessments of crude oil degradation rates and direct

effects on marine algae have also been made. The results of our

studies strongly suggest that an additional set of variables should

also be measured. These would assess the impact on primary and

secondary productivity over an extended period of time. The functions
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that appear to be the

are microbial biomass

potentials. We would

most susceptible to crude oil perturbation

production, nitrogen fixation rates and redox

therefore recommend monitoring these variables

to assist in assessing environmental impacts. These are very

sensitive variables that could act as indicators of general shifts

in microbial processes. Since crude oil tends to reduct 02 levels,

the concentrations of gases and ions that are associated with

anaerobic processes should also be monitored. This would pinpoint

areas where the sediment surface chemistry is altered by the presence

of crude oil.

Our pilot study of oiled sediments from Glacier Bay suggests

that even without baseline data available for comparison, one can

show the impact of petroleum hydrocarbons by measuring microbial

function. This study did show us however, that “control” (non-

oiled) sediments should be collected and analyzed along with the

oiled sediments. Care should be taken in selecting “control”

sediments with physical characteristics similar to the oiled

sediments and the number of non-oiled sediments should approximately

equal the number of oiled sediments analyzed.

We would like to emphasize the necessity of planning the

sampling procedures, the types of studies to be conducted and the

logistics required to conduct an environmental impact study prior

to a major oil spill. This was one of the major conclusions of the

personnel who were involved in managing the Tsesis oil spill study.

In order to study a spill in Alaskan waters, it is imperative that

a comprehensive plan be established, if for no other reason than to
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provide logistics for such a study. Advanced planning would be

particularly critical if chemical and microbiological variables

were to be monitored; since unlike many other types of observations,

such measurements require field analyses of samples that cannot be

preserved for future measurements.

VI. Needs for further study

A. The recent

have shown that

microbiology of

and Resources -

Bering Sea synthesis meetings conducted by NOAA

very little information is available concerning the

the Bering Sea (Eastern Bering Sea Shelf: Oceanography

in press). During

was shown that the area of the St.

productive and important fisheries

the same series of meetings, it

Georges Basin is one of the most

in Alaska. In a recent article

by Iverson et al. (1979), it was concluded that in the very productive

middle shelf region of the ST. Georges Basin, most of the food

available to higher trophic levels was routed through the detrital

food chain. If significant quantities of crude oil become incorporated

into the sediments of this region as a result of crude oil production

and transport, it is quite likely chat this fishery will be impacted.

During the Bering Sea Ecological Processes Workshop held in

July 1980, it was recommended that one of the objectives of future

studies in the southern Bering

answer to the question “is the

function of detrital flux, and

Sea should be to determine the

growth of benthic crab food a direct

if so, what is the rate of conversion

of detrital  material to benthic food?” This is an objective that

cannot be fulfilled without knowledge of the microbial component of

that food chain since it forms the basis for it.

715



We strongly recommend that a study of microbial function, as

it relates to nutrient recycling, be conducted in the St. Georges

Basin. At this time, the importance of the detrital food chain in

this region can only be guessed at by indirect means. A study of

this nature would provide more direct evidence for this relationship,

if it exists. It is also quite likely that microbial processes

provide much of the inorganic nutrients required for the high rates

of primary productivity in the region. The presence of high concentrations

of inorganic nutrients in the photic Zone is caused by wind driven

currents that mix the upper portion of the water column with the

nutrient rich bottom layers. Since there is very low advec~ive

flow in this region, it is quite likely that much of the

found in these deeper waters have been generated locally

mineralization in the sediments. This is also something

to be documented.

nutrients

by microbial

that needs

Our effects studies have shown that crude oil interferes with

both the detrital  food chain and mineralization processes. Although

these effects have been documented elsewhere (Beaufort Sea and Cook

Inlet), these effects need to be documented for this region as

well. This study could be conducted by collecting sediments from

the St. Georges Basin near the end of a cruise and transporting

them to the field laboratory at Kasitsna  Bay. Once the sediments

were taken to Kasitsna Bay, a time series experiment could be

conducted using various concentrations of crude oil. By measuring

key variables for periods up to one month, we would be able to

document long-term effects in these sediments.

B. Although our Kasitsna Bay effects

in scope, there are additional studies
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These studies would enable us to provide predictive capabilities

that do not currently exist. The studies in which we compared

“weathered” and fresh crude oil effects showed that there were

differences in the

nitrogen fixation.

conducted in which

observed effect; this was especially true for

A series of long-term experiments should be

the effects of the three major fractions of

crude oil (polar, aromatics  and aliphatiic)  on microbial function at

various concentrations are followed. This would enable us to

predict qualitative and quantitative changes in microbial function

under a given set of conditions. This is very important because of

the potential variation in the characteristics of petroleum pollutants

that might end up in the sediments as a result of an oil spill.

In our long-term effects study, the longest exposure time was

1.5 years in sediments exposed to 50 ppt fresh crude oil. Exposure

to lower concentrations of crude oil for longer periods of time are

required so that we can predict the expected length and severity of

an impact soon after a spill. On the bottom of Kasitsna Bay, there

is a set of treated sediments that, if analyzed, would provide much

of that information. After 1.5 years exposure to 50 ppt fresh

crude oil, there was some evidence that the initial effects were

diminishing but the microbial functions were far from being normal.

c. There were two types of observations that we were not able to make

during our Kasitsna  Bay study which would be very important to

documenting actual crude oil effects under spill conditions. Both

of these studies could be conducted at the same time. One would

include studying the effects of crude oil which had settled to the

bottom via natural means rather than trying to stimulate these
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conditions by overlaying sediment with treated sediment. The other

study would document the actual transfer of cletrital carbon from

the sediments into the food chain. Such a study could be conducted

in large tanks and the analysis would be conducted by a multi-

disciplinary group of investigators which would include micro-

biologists, benthic ecologists, hydrocarbon and nutrient chemists

and planktologists.

D. In addition to these studies, we recommend that a comprehensive

plan be established for measuring the environmental impact of an

actual oil spill. Studying such a spill is the best way to obtain

actual effects data. The only way that this can be accomplished

is to have a plan of sampling and experimental design prior to the

spill.

718



CRUDE OIL WEATHERING

Section V.

I . Summary of objectives, conclusions, and implications with respect to

OCS oil and gas development.

A. Objectives and background

The primary goal of this study was to examine the biological

and chemical impact of fresh and weathered crude oil after its

incorporation into sub-Arctic sedimentary regimes. Results of the

hydrocarbon analyses from these experiments are presented in this

section.

In an effort to assist Drs. Griffiths and Morita in this

program, the Environmental Chemistry and Geochemistry Division of

Science Applications, Inc. (SAI) undertook detailed chemical analyses

of the sediment samples used in these experiments. Specifically,

hydrocarbon profiles (concentrations) in control and experimental

sedimentary plots were supplemented with three different levels of

fresh and artificially weathered Cook Inlet crude oil and then

examined: first, after the initial treatment, and second, after

one year of natural weathering in the sedimentary regime at Kasitsna

Bay, Alaska. Additional studies were also undertaken in Sadie

Cove, Alaska, where oiled sediments were augmented with chitin and

starch before deployment into the field, to determine if biotic

weathering processes were controlled by limited nutrient concentrations.

B. Implications for off-shore oil and gas development ‘

The results presented here support the conclusion that in a

major oil spill event in the sub-Arctic marine environment, the

most significant weathering of the oil will occur at the air/sea interface
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or in the water column before the oil is incorporated into the

sedimentary regime. This is particularly true in fine-grain sediment

matrices in low-energy environments. Once levels of fresh and

weathered Cook Inlet crude oil reached concentrations in excess of

1 ppt in the sediment plots examined in the study, very little

additional weathering or loss of higher molecular weight aromatic

hydrocarbons occurred. In sediments supplemented with 50 ppt fresh

or weathered crude oil, nearly complete inhibition of microbiological

utilization or selective removal of aliphatic hydrocarbons was also

observed, especially for those sediments supplemented with fresh

crude. Recovery of biological activity and selective utilization

of aliphatic  hydrocarbons did occur in the samples treated with

fresh and weathered crude at 1 ppt. In sediments supplemented with

0,1 ppt crude oil, there was little or no evidence of either aliphatic

or aromatic petroleum hydrocarbon contamination after one year. At

that time, the 0.1 ppt samples appeared to contain only the same

biogenic hydrocarbons observed in the non-treated control sediment

samples from Kasitsna Bay,

In the study plots which were supplemented

plus added nutrients (starch and chitin), there

with 50 ppt Oil

was no evidence of

any enhanced biotic recovery or selective hydrocarbon utilization

with either fresh or weathered crude oil. This suggests inhibition

of biological processes from the high levels of toxic aromatic

compounds in the oil itself rather than inhibition from limited

nutrient concentrations. To more accurately address the role of

added nutrients in oil degradation, detailed analyses should be

completed at lower oil concentrations in the presence and absence
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of nutrients. Also, experiments to assess the role of dissolved

oxygen, grain-size, the energy (tidal and wave) input to the sedimentary

environment, total organic carbon content and other factors such as

total biomass, could be considered in future studies.

From the results obtained on the fresh and weathered crude

oils and the sediment samples examined in this program, it appears

that the maximum amount of weathering and removal (dissolution and

evaporation) of toxic components can be achieved if spill clean up

and treatment efforts are designed to prolong the time that the oil

remains on the water surface or suspended in the water column. This

may suggest limited use of dispersants or detergents in certain

spill situations, particularly if damage to coastal zones is not

imminent. Containment and recovery of the residual higher molecular

weight materials should take precedence over other strategies such

as chemical dispersal which may result in higher subtidal sediment

loadings.

11. Methods

Techniques for artificially weathering Cook Inlet crude oil and

subsequent treatment, homogenization, and deployment of sediment into

the experimental trays for in situ weathering are described in Section.—

Iv. Subsamples  of the treated and control sediments from the experimental

trays were collected and frozen at the initiation of the experiment and

again after one year in the field. All frozen sediment samples were

shipped on ice to SAI’S Trace

lot on 17 October 1980, where

until analyses were begun.

Environmental Chemistry Laboratory in one

they were subsequently stored at -4°C
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A. Extraction

Each sediment sample was extracted using a shakertable  procedure

which is similar to that described by Payne et al. (1978) and Brown

et al. (1980) and which has been shown to yield comparable results

to Soxhlet extraction (MacLeod and Fischer, 1980; and Payne et al.~

1979) . Briefly, the thawed sediment was placed in tared 500 ml

Teflon jars and a wet weight was determined. Approximately 50 ml

of methanol was added to the sediment for water removal, and the

jars were sealed and agitated on a shaker table far 15 minutes.

The jars were then centrifuged at 3000 rpm for 20 minutes a~ room

temperature and the supernatant was decanted off and saved, and the

drying procedure repeated. After the second drying step, 150 ml of

ruethylene chloride (CH2C12) and methanol (65:35 v/v) w~re added to

the jars and agitation was continued for 12 hours. The samples

were centrifuged, the superantant saved~ and the procedure was

repeated with the agitation occurring for a period of 6 hours. The

methanol-water washes and the methanol-methylene  chloride extracts

were combined in a separator funnel and back extracted with 400-

500 ml of saturated sodium chloride in distilled water which had

been previously extracted with hexane. The lower layer (CH2C12)

was removed and the water phase was back extracted with three

additional 100 ml aliquots of CH2C12. The combined CH2C12 extracts

were concentrated to approximately 100 ml using a Kuderna-Danish

(K-D) apparatus, and dried by passage through a column of sodium

sulfate followed by additional elution with CH2C12. The dried

extract was concentrated to about 10 ml using a K-D apparatus and

solvent exchanged (3x) into hexane,

to 1-2 ml in preparation for column
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of nutrients. Also, experiments to assess the role of dissolved

oxygen, grain-size, the energy (tidal and wave) input to the sedimentary

environment, total organic carbon content and other factors such as

total biomass, could be considered in future studies.

From the results obtained on the fresh and weathered crude

oils and the sediment samples examined in this program, it appears

that the maximum amount of weathering and removal (dissolution and

evaporation) of toxic components can be achieved if spill clean up

and treatment efforts are designed to prolong the time that the oil

remains on the water surface or suspended in the water column. This

may suggest limited use of dispersants or detergents in certain

spill situations, particularly if damage to coastal zones is not

imminent. Containment and recovery of the residual higher molecular

weight materials should take precedence over other strategies such

as chemical dispersal which may result in higher subtidal sediment

loadings.

II. Methods

Techniques for artificially weathering Cook Inlet crude oil and

subsequent treatment, homogenization, and deployment of sediment into

the experimental trays for in situ weathering are described in Section.—

IV. Subsamples  of the treated and control sediments from the experimental

trays were collected and frozen at the initiation of the experiment and

again after one year in the field. All frozen sediment samples were

shipped on ice to SAI’S Trace Environmental Chemistry Laboratory in one

lot on 17 October 1980, where they were subsequently stored at -4°C

until analyses were begun.
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A. Extraction

Each sediment sample was extracted using a shakertable  procedure

which is similar to that described by Payne et al. (1978) and Brown

et al. (1980) and which has been shown to yield comparable results

to Soxhlet extraction (MacLeod and Fischer, 1980; and Payne et al.,

1979) . Briefly, the thawed sediment was placed in tared 500 ml

Teflon jars and a wet weight was determined. Approximately 50 ml

of methanol was added to the sediment for water removal, and the

jars were sealed and agitated on a shaker table for 15 minutes.

The jars were then centrifuged at 3000 rpm for 20 minutes at room

temperature and the supernatant was decanted off and saved, and the

drying procedure repeated. After the second drying step, 150 ml of

methylene chloride (CH2C12) and methanol (65:35 v/v) were added

the jars and agitation was continued for 12 hours. The samples

were centrifuged, the superantant saved, and the procedure was

repeated with the agitation occurring for a period of 6 hours.

t o

The

methanol-water washes and the methanol-methylene  chloride extracts

were combined in a separator funnel and back extracted with 400-

500 ml of saturated sodium chloride in distilled water which had

been previously extracted with hexane. The lower layer (CH2C12)

was removed and the water phase was back extracted with three

additional 100 ml aliquots of CH2C12. The combined CH2C12 extracts

were concentrated to approximately 100 ml using a Kuderna-Danish

(K-D) apparatus, and dried by passage through a column of sodium

sulfate followed by additional elution with CH2C12. The dried

extract was concentrated to about 10 ml using a K-D apparatus and

solvent exchanged (3x) into hexane, followed by solvent reduction

to 1-2 ml in preparation for column chromatography.
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B. Liquid column chromatography

To fractionate the sediment extracts, a three-part fractionation

scheme was employed to separate the aliphatic, aromatic, and polar

compounds (Payne, et al. , 1980). A 10 mm I.D. x 23 cm long column

with a 16 ml pore volume was packed with 1.5 cm of activated copper

at the base of the column (to remove elemental sulfur), followed by

a hexane slurry of 60/200-mesh silica gel that had been cleaned with

CH2C12 and activated at 210°C for 24 hours. The elution scheme was

as follows:

Fraction/Solvent Amount Compound Class

1. Hexane 30 ml Aliphatic hydrocarbons

2. Hexane:Benzene 50:50 45 ml Aromatic hydrocarbons

3. 50% cH30H ‘n CH2C12 60 ml Polar compounds

c. Gas chromatographic analysis

All gas chromatographic results were obtained on a Hewlett-

Packard 5840A gas chromatography equipped with an 18835A glass

capillary inlet system and flame ionization detector. The microprocessor-

based instrument was interfaced to a Texas Instruments Silent 700

ASR data terminal equipped with casette tape drive, allowing permanent

storage of calibration data, retention times, and peak areas required

for the data reduction system.

A 30-meter J&W Scientific Co. SE-54 wall-coated open tubular

fused silica capillary colutnn was utilized for the desired chromatographic

separations. Temperature programming used with this column included:

Initial Temperature

Program Rate

Final Temperature

The injection port and detector were

350”c, respectively. All injections were

50°C for 5 minutes

3.5°C/min

275° for 60 minutes

maintained at 280° and

made in the splitless 723



mode of operation with an injection port backflush 1 minute into

the run.

Constant injection

using a Hewlett-Packard

volumes of 1.0 B1 were analyzed automatically

model 7671A Automatic Liquid Sampler, in-

creasing precision substantially relative to manual injection.

D. Gas chromatogram  data reduction

Hydrocarbon concentrations for individual resolved peaks in

each gas chromatogram were calculated on a DEC-10 System Computer

using the formula given in equation 1. This particular example is

of the program used for seawater analysis. Operator-controlled

modification of the DEC-10 program allows similar data reductii.on on

sediments, tissues3  or individual oil (mousse) samples.

vg compound X/L seawater = (Ax) x (R.F.) x

[
P,I.V. + 1 Pre-C.S. Vol. 100 1 0 01
Inj.S.Vol. Post-c.s.vol. %NSL on LC

x %DW/FW  x liters]

where:

Ax

R.F.

P.I.V. -t- 1

Inj.S.Vol.

Pre-C.S.Vol. &
Post-c.s.  vol.

(1)

= the area of peak X as integrated by the gas chromat-
ography (in arbitrary GC area units)

= the response factor (in units of pg/GC area unit)

= the post-injectiion volume (in vl) from which a
1-B1 aliquot had been removed for analysis by GC
(measured by syringe immediately following sample
injection)

= the volume of sample injected into the GC (always
1.0 P1 as measured by an HP Automatic Liquid
Sampler)

= the total solvent volumes before and after an
aliquot is removed for gravimetric  analysis on a
Cahn electrobalance
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%NSL on LC = the percent of sample non-saponifiable lipid used
for Si02 column chromatography

%DW/ FW = the percent dry weight of wet weight in the sediment
tissue, or oil sample being analyzed

liters = liters of seawater initially extracted (or grams
wet weight of oil or sediment).

During analysis of the extracts, the 5840A gas chromatography

was recalibrated after every 8 to 10 injections, and individual response

factors were calculated for all detected even and odd n-alkanes between

nCs and “32” Concentrations of other components (e.g., branched and

cyclic) that eluted between the major n-alkanes were calculated by

linear interpolation of the adjacent n-alkane  response factors and the

unknown compound peakts KOVAT index. By incorporating the post-

injection volume (PIV) into the

measured in the injected sample

concentration in the sample.

calculation, the amount of hydrocarbons

were converted to the total hydrocarbon

Unresolved complex mixtures (UCM’S) were measured in triplicate

by planimetry; the planimeter area was converted to the gas chromato-

graph’s standard area units at a given attenuation and then quantitated

using the average response factors of all the n-alkanes  occurring

within the range of the UCM, as shown in equation 2.

W_&= Area  ~ ((=onve  F) x ‘“ Att” ~ (R.F
P Ref. Att. X[ . ..] (2)“ a-b)

where:

Area = UCM area in arbitrary planimeter units,

Conv. F. = a factor for converting arbitrary plainmeter
units to GC area units at a specific GC
attenuation,

725



S. Att. and
Ref. Att.

R. F. ~_b

the
was
the

the

GC attenuation at which Che sample chromatogram
run and the reference attenuation to determine
conversion factor (Conv. F.), respectively

mean response factor for all sequential
n-alkanes (with carbon numbers a to b) whose
retention times fall within the retention time
window of the UCM, and

the same parameters enclosed in brackets in equation[.**I =

KOVAT index assignmentConfirmation of

computer correlation

1.

with n-alkane standard

to n-alkanes was done by

retention times and direct

data-reduction-operator input.

Assignment of KOVAT index to each branched or cyclic compound

eluting between the n-alkanes was done by interpolation using the

unknown compound and adjacent n-alkane retention times. Assignment

of KOVAT indices to peaks in the aromatic fraction was made by direct

correlation of unknown peaks with retention times from the n-alkane

and aromatic standard runs completed prior to sample injection (Payne,

et al., 1978b).

E. Capillary gas chromatography

Selected extractable organic

fused silica capillary column-FID

mass spectrometry

compounds previously analyzed by

GC were also subjected to fused

silica capillary gas chromatography/mass spectrometry (GC/MS).  A

30-meter J&W Scientific Co. SE-54 capillary column (0.25-mm I.D.

with a film thickness of 25 pm was used to achieve chromatographic

separation in a Finnigan 4021 quadruple mass spectrometer. The

capillary system was operated in the splitless (Grob-typ&)  mode.

The static time upon injection was 0.8 rein, after which time the in-

jection port was back-flushed with the split and septum sweep flows
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at a combined rate of 35 ml/min. Linear velocity was set at 35

cm/see, which gave a flow rate of 1.18 ml/min. The GC was programmed

to remain isothermal at 30”C for 1.5 min following injection,

elevated at 4°C/min  from 30 to 160°, and 8°C/min from 160-275°,

after which the oven was held isothermally at 275°C for approximately

20 minutes.

The flexible fused silica column was routed directly into the

ion source of the mass spectrometer, which was operated in the

electron impact mode at 70eV with the lens potentials optimized for

maximum ion transmission. The quadruple offset and offset programs

were adjusted to yield a fragmentation ratio for perfluorotributylamine

m/e 69-to-219 of 4:1. This tuning yields quadruple electron

impact spectra that are comparable to magnetic sector electron

impact spectra, thereby allowing optimal matches in the computer

search routines used in the INOCS data system that scans the quadruple

rods from 35-475 amu in 0.95 sec. A hold time of 0.05 sec between

scans allows the electronics to stabilize prior to the next scan.

The mass spectrometer was tuned at the beginning of each day using

perfluorotributylamine. A calibration was accomplished with a

routine diagnostic fit of 2% mass accuracy. Prior to analysis of

samples, standard mixtures of n-alkanes, pristane, phytane, and

mixed aromatic hydrocarbons were injected.

111. Results

A. Time zero samples

Figure 66 presents the FID capillary gas chronmtograms obtained

on the control sediment samples taken from Kasitsna  Bay at the

beginning of the experiments. The most characteristic feature in
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Figure 66. Flame Ionization Detector capillary gas chromatograms of: A, the
aliphatic fraction; B, the aromatic fraction and C, the polar frac-
tion extracts obtained from time zero control sediment samples from
Kasitsna Bay.
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the aliphatic fraction chromatogram, A, is the predominance of odd

numbered n-alkanes in the molecular weight range of nC21 to nC2g,

(RT 56.53; 62.12; 67.03; 71.93; 78.77) reflecting biogenic input.

The sample also contains very low levels of nC17 and pristane (RT

44.55; 44.75) and nC18 and phytane (RT 47.40; 47.83). The three

major components at retention times 31.21, 35.77 and 43.08 are

internal spikes and a GC recovery

31.21; n-decylcyclohexane, 43.08;

standard (triisopropylbenzene,

and hexamethylbenzene, 35.77,

respectively). There is no apparent evidence of any petroleum

contamination and there appears to be a small cluster of branched

and unsaturated biogenic  hydrocarbons between nC 20 and “21” ‘he

aromatic fraction chromatogram,  B, from this sample shows very

little contamination of any kind, with only subnanogram per gram-

dry-weight components present. The

does show evidence of several

undergoing analysis by GC/MS.

polar

From

sediment samples, the identities of

polar fraction chromatogram, C,

materials which are currently

GC/MS analyses of similar

these peaks are suspected to be

long chain fatty acid esters of biogenic origin.

Tables 57 and 58 present the reduced quantitative data obtained

from the capillary FII) gas chromatographic runs of these and all

the other sediment samples analyzed as part of this program. The

data in Tables 57 and 58 illustrate several interesting quantitative

aspects which should be considered when interpreting Che results.

First, the background levels of hydrocarbons in the control samples

from Kasitsna  Bay at times zero and one year were both extremely

low . In neither case was an Unresolved Complex Mixture (UCM)

present, and the highest hydrocarbon concentration in these two

samples was only six

even n-alkane ratios

micrograms per gram dry weight. The odd to

for these samples (1 and 625) were high, ranging 729



,, - Table ’57: Reduced Aliphatic Hydrocarbon Data Derived from Flame Ionization

4
cd
o

Detector Capillary GC Analyses

Sediment Sample Osu Time in Total Total z Z even X odd pristane + phytane
ID NO Field

odd alk
Resolved Ucm n-al kanes n-al kanes

~JtJ ~ n-alk

(years)
n-al kanes n-al kanes even alk

u9/9 U919 u9/9
nC17

u9/9 Uglg ‘%8 phyt brfid

KASITSNA  BAY CONTROL 1 0 5.89 0. 2.76 0.449 2.31 0.0157 5.15 0.758 0. 4-- 0.883
KASITSNA  BAY CONTROL 625 I 1.22 0. 0.533 0.06 0.473 0. 7.86 0. 0. 0. 0.776

FRESH CRUOE SPIKE 50ppt 5 0 2840. 4090. 1460. 742. 722. 0.0749 0.973 0.681 0.343 2.63 1.06
FRESH CRUOE SPIKE lppt 4 0 83.3 154. 52. B 24.2 28.6 0.055 1.18 0.630 0.411 2.18 0.690

FRESH CRUDE SPIKE O.lppt 3 0 11.3 12.8 5.03 2.11 2.92 0.596 1.39 0.601 0.380 2.4o 0.803

WEATHEREO CRUDE SPIKE 50 14 0 1530. 3020. 945. 460. 485. 0.104 1.06 0.721 0.326 2.75 1.62

WEATHEREO CRUOE SPIKE 1 12 0 62.2 136. 40.3 19.3 21.0 0.0871 1.09 0.645 0.371 2.27 1.84

FRESH CRUOE SPIKE 50ppt 628 lR 2430. 1740. 1080. 560. 515. 0.0861 0.921 0.761 0.354 2.63 0.796

FRESH CRUOE SPIKE 50ppt 629 lR 2700. 3770. 1250. 645. 605. 0.0799 0.934 0.700 0.386 2.43 0.860

FRESH CRUDE SPIKE 50ppt 630 lR 2060. 3010. 950. 494. 458. 0.0832 0.927 0.708 0.357 2.41 0.862
FRESH CRUOE SPIKE Ippt 631 1 21.3 98.1 10.9 4.89 6.04 0.144 1.24 1.28 0.709 2.40 1.06

FRESH CRUOE SPIKE O.lppt 634 1 3.29 13.1 1.09 0.179 0.912 0.0320 5.10 0.800 0. 3-- 0.496

WEATHEREO CRUOE SPIKE 50 637 1 1530. 3710. 949. 449. 499. 0.109 1.11 0.926 0.463 2.40 1.64

WEATHERED CRUDE SPIKE 1 640 1 14.3 319. 2.81 0. 2.81 0. 2-- 0. 0. 0. 0.243

SADIE COVE CONTROL 206 0 - 26.1 0. 10.7 1.37 9.33 0. 6.81 0. 0. 0. 0.773
SADIE COVE OIL & STARCH 782 1 3760. 5200. 1605. 837. 768. 0.071 0.917 0.762 0.391 2.55 0.743

SAOIE COVE OIL 779 1 4730. 6100. 1920. 983. 932. 0.0838 0.948 0.880 0.420 2.75 0.681

SADIE COVE OIL & CHITIN 780 1 4700. 6670. 19B6 . 1020. 968. 0.0630 0.951 0.626 0.345 2.14 0.732

COOK INLET CRUOE OIL

FRESH N.A. 84000 77600 33000 18300 14700 0.0703 0.804 0.673 0.331 2.41 0.648
WEATHEREO N.A. 38700. 54500. 24500. 11600. 12900. 0.0989 1.12 0.654 0.380 2.23 1.73

*UCM = Unresolved Complex Mixture



Table 58. Reduced Aromatic Hydrocarbon Data Derived from Flame Ionization
Detector Capillary GC Analyses.

Sediment Sample Osu TiIW i n Tota l Tota l Naphthalene 2 M h y l - 1 Me~hyl  - Biphenyl
ID No Field Resolved

2,6 Pimethyl Fluorene Phenan  - Anthracene 1 Methyl-
UCM*

(years )
naphthalene naphthalene naphthalene

‘Iuoranthene  ,  Pyrene
threne

U919 ug/g (1185)** (1295) (1313) (1381) (1404) (1586) (1786]
phenanthre”e

KASITSNA BAY CONTROL

KASITSNA BAY CONTROL

FRESH CRUDE SPIKE 50ppt

FRESH CRUDE SPIKE 1 ppt

FRESH CRUDE SPIKE O.lppt

!4EATHERED CRUDE SPIKE 50

IIEATHERED CRUDE SPIKE 1

FRESH CRUOE SPIKE 50ppt

FRESH CRUDE SPIKE 50ppt

FRESH CRUDE SPIKE 50ppt

FRESH CRUOE SPIKE 1 ppt

FRESH cRUOE  SPIKE O.lppt

JEATHERED CRUDE SPIKE 50

iEATHERED CRUDE SPIKE 1

SADIE CO’JI:  CONTROL

MOIE  COVE OIL & STARCH

SAOIE COVE OIL

5A01E COVE OIL & CHITIN

:OOK INLET CRUDE OIL

‘RESH

1
625

5

4

3

14

12

628

629

630

631

634

637

640

206

782
779

780

0

1

0

0

0

0

0

1
1
1
1
1

1

1

0

1

1
1

Y.A.

3.08 0.

1.212 0.

1460. 1740.

12.2 22.3

0.0289 0.0259

210. 824.

10.7 40.62

469. 1235.

428. 880.

300, 2020.

9.33 29.7

2.23 3.98

288. 901.

12.28 51.84

2.92 0

781. 2010.

872. 2440.

1070. 1660.

34700. 41600

nd

nd

58.0

0.363

0.00025

nd

0.152

15.3

13.3

9.75

0.163

nd

nd

0.0429

nd

22.2

32.6

33.8

484.

nd

nd

nd

737.

0.960

0.00064

5.59

0.513

39.6

35.2

30.4

0.517

0.0257

5.19

0.243

nd

51.0

75.0

77.8

1110.

nd

nd

nd

94.9

0.570

0.00037

4.77

0.334

23.7

21.0

18.6

0.433

nd

4.07

0.134

nd

29.5

43.2

45.7

644.

nd

nd

nd

16.2

0.0418

nd

nd

nd

1,48

1.17

nd

0.0311

nd

nd

0.0234

nd

1.21

nd

1.80

nd

nd

nd

nd

65.4

0.469

0.0032

11.7

0.467

19.2

17.9

17.5

D 383

0.0321

9.58

0.420

nd

22.2

32.3

31.0

540.

223.

nd

nd

32.5

0.120

nd

4.88

0.150

4.84

4.27

4.44

0.107

nd

3.71

0.195

nd

4 . 5 0

6 . 2 7

6 , 2 4

nd

102.

0.0262

nd

56.6

0.190

0.00032

8.65

0.255

6.7

5.9B

7.15

0.129

0.0307

6.BO

0.137

0.10258

8.37

10.2

9.99

190.

235.

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

18.0

0.0658

nd

nd

nd

2.48

2.40

2.95

0.0621

nd

nd

0.116

nd

2.64

5.71

6,66

nd

nd

nd

nd

nd

nd

0.0021

1.47

nd

1.00

0.840

nd

nd

nd

nd

0.032

0.02803

nd

2.04

nd

nd

nd

0,0392

nd

nd

nd

0.00012

nd

0.0376

nd

nd

nd

nd

0.01B5

nd

0.0297

0.21073

nd

nd

nd

nd

ndJEATHEREO N.A. 15400. 31400.
, Unresolved complex mixture.
- Kovat indices in parentheses.
ld=  not detected.

--J
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from 5.2 to 7.9, reflecting predominance of the odd n-alkanes  of

biogenic origin.

Figures 67 and 68 present gas chromatograms  of the hexane and

benzene fractions from the fresh Cook Inlet crude oil and the

artificially weathered Cook Inlet crude oil (respectively) which

were added to the sediment samples. Fi~re 67A clearly shows a

high degree of complexity in the lower molecular weight range from

nC8 through nC12 although the aliphatic  fraction is characterized,

in general, by n-alkanes from nC8 through nC32. The aromatic

fraction shows a number of lower molecular weight aromatic compounds

in the range of KOVAT index 800 to KOVAT index 1500 (RT 10.09 to

35.79). These compounds were identified by GC/MS as alkyl substituted

benzenes such as xylenes, ethylbenzene,  trimethylbenzene and propylbenzenes

The large peak at RT 35.79 is the GC internal standard hexamethylbenzene.

Also in this sample are peaks identified as napthalene (RT 24.64),

2-methylnaphthalene (RT 29.38), I-methylnaphthalene  (RT 30.11),

2,6-dimethylnapthalene (RT 33.87), and several low level alkyl

substituted phenanthrenes, as shown by the data in Table 58.

Figure 68 shows the gas chromatograms of artificially weathered

crude eil used to treat the sediment samples. The aliphatic

fraction, Figure 68A, shows loss

alkanes below “13; ‘owever’ ‘he

are present at approximately the

of the lower molecular weight n-

higher molecular weight materials

same ratios as in the starting

crude oil. This is illustrated by the consistency in the pristane/phytane,

pristane/ nC17, and phytane/nC18 ratios for the fresh and weathered

crude oils, as shown by the data in Table 57. The aromatic fraction

of the artificially weathered crude shows nearly complete absence
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Figure 67. Flame Ionization Detector capillary gas chromatograms of: A! the
aliphatic fraction, and B~ the aromatic fraction extracts obtained
on the fresh Cook Inlet Crude Oil used to spike the Kasitsna Bay
sediment samples.
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Figure 68. Flame Ionization Detector capillary gas chromatograms
of: A, the

aliphatic fraction, and B, the aromatic fraction extracts obtained
from the Artificially Weathered Cook Inlet Crude Oil used to spike
the Kasitsna Bay sediment samples.
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of the lower molecular weight hydrocarbons below dimethylnaphthalene;

however, there still are several higher molecular weight polynuclears

present. These are primarily phenanthrene at RT 47.34 (KOVAT

1790), l-methylphenanthrene at RT 51.97 (KOVAT 1933), and fluoranthrene

at RT 55.45 (KOVAT 2070). Higher molecular weight compounds such

as benz(a)anthracene, benzo(e)pyrene, benzo(a)pyrene  and perylene

are not apparently present in either the starting or weathered Cook

Inlet crude oil to an appreciable degree.

Figure 69 shows the gas chromatograms  of the aliphatic, aromatic

and polar fractions obtained on the Kasitsna Bay time zero sample

treated with fresh crude oil at 1.0 ppt. The chromatograms obtained

on the sediments treated with 50 ppt crude oil were essentially

identical in appearance to those in Figure 69, and thus the 50 ppt

samplers chromatograms are not shown here. Further, the concentrations

of crude oil in the 50 ppt samples were at such a high level that

only approximately 2% of the extractable materials could be effectively

applied to the liquid chromatography columns for separation into

aliphatic, aromatic and polar fractions. This allowed accurate

quantitation of the materials but did not figuratively show the

presence of the lower molecular weight compounds to the same degree

as the 1,0 ppt samples where the entire sample could be fractionated

and analyzed without prior dilution.

With regard to the chromatograms in Figure 69, the aliphatic

fraction, A, is nearly identical to the aliphatic  fraction of the

starting fresh Cook Inlet crude oil shown in Figure 67. This is

reflected qualitatively in the chromatograms presented in the

figures and also quantitatively by the pristane/phytane, pristane/nC17
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Figure 69. Flame Ionization Detector capillar~ gas
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tion extracts obtained from time zero Kasitsna Bay sediment samples
which had been spiked with fresh Cook Inlet Crude Oil at 1 ppt.
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and phytane/nC18 ratio data presented in Table 57. TIM suite of

“20-ncz 1 branched/unsaturated compounds in the background control

sample are completely masked in the treated sediment samples. The

aromatic fractions of the treated sample show many of the same

aromatic compounds in the naphthalene (KOVAT 1185) to pyrene (KOVAT

2124) range and the alkyl-substituted  aromatic compounds at KOVAT

indices 800 to 1012 as in the starting crude oil. The polar fraction

of the oiled sediment at time zero shows many of the same biogenic

compounds as in the Kasitsna Bay control sediment. This is particularly

true of the compounds between retention times 46.99 and 68.40.

These compounds are present at a greater apparent concentration in

the oil treated sediment sample; however, examination of reduced

chromatographic  data output shows that this primarily reflec&s a

smaller final sample extract volume resulting in more material

being loaded on the fused silica capillary column.

Figure 70 presents the capillary chromatograms obtained on the

time zero sediment samples treated with artificially weathered

crude oil. The chromatograms are qualitatively very similar to

those shown in Figure 68 which presented the weathered Cook Inlet

crude used to treat the sediment samples. Aliphatics  are virtually

absent belOw “13 as are aromatic compounds with KOVAT indices

below 1300. A number of higher molecular weight polynuclear aromatic

compounds can be identified in the weathered crude, and these are

2-methylnaphthalene at 29.38, l-methylnaphthalene  at 30.11, 2,6-

dimethylnaphthalene at 33.88, fluorene at 40.61, phenanthrene  at

47.41, l-methylphenanthrene at 51.85 and fluoranthrene at 55.45.

There appear to be no polynuclear aromatic hydrocarbons with molecular
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Figure 70. Flame Ionization Detector capillary gas chromatograms of: A, the
aliphatic fraction and B, the aromatic fraction extracts obtained
from time zero Kasitsna Bay sediment samples spiked with Artificially
weathered Cook Inlet Crude Oil at 50 ppt.
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weights greater than chrysene in the time zero artificially weathered

sediment sample.

B. Time one year samples

After one year exposure, the trays were retrieved and sub-

samples of the sediments were collected. Figure 71 shows the

chromatograms obtained on the aliphatic fraction of (A) the sediment

treated with 50 ppt fresh crude oil at time zero, and (B, C, and

D), the triplicate samples examined after one year of natural

weathering. Several features are significant in this figure. The

first and most obvious feature is the lack of any appreciable oil

weathering at this high concentration level. This is reflected in

the qualitative appearance of the chromatograms

presented in Table 57. Specifically, the lower

alkanes from nC8 through nC12, and the branched

and in the data

molecular weight n-

and cyclic compounds

occurring between KOVAT index 900 and 1000 appear to be nearly

identical in all four samples.

Figure 72 graphically presents the concentration abundance of

the n-alkanes  in the sediment sample treated with 50 ppt fresh

crude oil at time zero and again after one year of weathering in

Kasitsna Bay. Note that in additton  to the concentrations of the

time zero and one year samples being very similar, the overall

trends showing decreases in the higher molecular weight compounds

are nearly identical for both samples, illustrating the lack of any

appreciable selective weathering.

The similarity of the pristane/nC17  and phytane/nC18 ratios,

as observed qualitatively in Figure 71 and Table 57, also illustrates

the lack of any appreciable biotic or abiotic weathering in these
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Figure i’1. Flame Ionization Detector capillary gas chromatogrms of: A, the
aliphatic fraction of the 50 ppt fresh Cook Inlet Crude Oil spiked
into the sediment at time zero, and
fractions of the triplicate samples
natural weathering in Kasitsna Bay.

B, C, and D, the aliphatic
examined after one year of
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samples. The clmxnnatographic  profiles are essentially superimposable,

reflecting the homogeniecy of the initial treated sediment, the

replicability of the weathering process in the field and the precision

of the analytical method. Individual values for these three fractions

are presented in Table 579 and the agreement of such features as

the total n-alkanes, sum of the odd n-alkanes, even n-alkanes~

pristane/phytane ratios, etc. ~ is worthy of consideration,

Figure 73 presents the gas chromatograms of the aromatic

fractions obtained on the sediment treated with 50 ppt fresh Cook

Inlet at time zero (A) and the replicate fractions (B, C and D)

obtained from analyses of the triplicate sediment samples after one

year of natural weathering. As in Figure 71, there does not appear

to be any selective weathering of the individual components present;

however, examination of the reduced data in Table 58 and Figure 74

shows that some decreases in aromatic hydrocarbon concentrations

did occur after 1 year. The apparent lower levels of material in

chromatogram  A (Figure 73) only reflect a larger final sample

extract volume from which an aliquot

Gc. Figure 74A presents a graphical

of eight selected aromatic compounds

was removed for analysis by

representation of the concentrations

in the fresh 50 ppt treated

sediments at time zero and time one year. While time zero levels

of individual aromatic compounds ranged from 50 to 137 micrograms

per gram dry weight (for napthalene through 2,6-dimethylnaphthalene)  ,

after one year these compounds were present at concentrations

ranging from 15 to 40 micrograms per gram dry weight. The decreases

in aromatic compounds from Kovat indices 1100 to 1500 were greater

than the decreases in aromatics with Kovat indices ranging from

1500 to 2000. This presumably reflects two things: 1) the greater
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volatility and water volubility of the lower molecular weight

aromatic compounds, and 2) the lower relative abundance of the

higher molecular weight aromatics in the crude oil to begin with.

Figure 74B shows the relative losses of aromatic hydrocarbons

in the artificially weathered crude oil added into the Kasitsna Bay

sediments at time zero and time one year. This figure illustrates

that much smaller relative changes occurred over the one year

period. That is, the starting concentrations of aromatic compounds

such as 2-methylnaphthalene through phenanthrene ranged between

only 6 and 12 micrograms per gram dry weight of sediment when

artificially weathered crude was used to treat the sample at time

zero. These levels were not significantly reduced after one year

of weathering in the sediments of Kasitsna Bay: the most significant

weathering occurred while the oil was “artificially weathered’f on

the surface of a salt water aquarium before the oil was spiked into

the sediment. Nevertheless, once these compounds are introduced

into the sediments, they are not as rapidly removed as they would

be from simple dissolution in the starting oil itself.

Figure 75 presents the gas chromatograms  of the aliphatic and

aromatic fractions obtained on the sediment treated with 1 ppt

fresh-crude oil after one year of weathering in Kasitsna Bay. In

comparison with Figure 69 which shows the starting 1.0 ppm material,

it is clear that significant weathering of the sample has occurred.

This is reflected first in the significantly greater relative loss

of the lower molecular weight alkanes below nC13, presumably due to

a combination of biological and abiotic (dissolution) processes.
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Figure 75. Flame Ionization Detector gas chromatograms of: A, the aliphatic
fraction and B, the aromatic fraction extracts obtained from 1 ppt
fresh Cook Inlet Crude Oil spiked sediments after one year of
weathering in Kasitsna Bay.
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Figure 73. Flame Ionization Detector gas chromatograms  of: A, the aromatic
fraction of the 50 ppt fresh Cook Tnlet Crude Oil spiked into the
sediment at time zero and B, C, and D, the aromatic fractions of
the triplicate samples examined after one year of natural weather-
ing in Kasitsna Bay.
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Evidence of bio-chemical  degradation is shown in examining the

pristine/nC17 and phytane/nC18 levels in the aliphatic fraction in

Figure 75 compared to the aliphatic fraction in Figure 69, and by

examining the numerical values for these ratios in Table 57. The

straight chain alkanes have been preferentially removed relative to

the branched chain isoprenoids. The overall levels of other aliphatic

hydrocarbons are also significantly reduced as illustrated qualitatively

in Figure 75 and by the data in Table 57. Figure 76 graphically

presents the concentration abundance of n-alkanes  in the 1.0 ppt

fresh crude oil sediment treated at time zero and after one year of

natural weathering. All of the lower molecular weight alkanes

belOw “18 are significantly reduced by a factor of from 2 to 5 and

the higher molecular weight n-alkanes  are reduced by at least a

factor of 2 compared to the sample taken at time zero. For the 1

ppt sample the total resolved hydrocarbons decreased from 83 to 21

pg/g dry Weight during the year of exposure and the unresolved

complex mixture decreased from 154 to 98 pg/g dry weight.

The aromatic fraction data in Figure 75B show somewhat less

degradation compared to the aliphatic  fraction. Compounds with

molecular weights less than naphthalene (KOVAT <1185) are obviously

removed due to a combination of biological and abiotic factors

(dissolution and evaporation); however, compounds with molecular

weights greater than l-methylnaphthalene (KOVAT >1315) appear to be

present in relatively identical concentrations compared to the

starting materials. That is, while overall levels are slightly

reduced as illustrated by the data in Table 58, the relative concen-

trations of the individual polynuclear  aromatics are very similar
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in the time zero and time one year

quite obviously by the qualitative

fractions shown in Figures 69B and

samples. This is also reflected

appearance of the aromatic

75B, respectively, and by the

data presented in Figure 77A. Figure 77A graphically presents the

relative changes in abundance of selected aromatic hydrocarbons

from the sediment treated with 1 ppt fresh crude oil from time zero

to one year. While the relative range of concentrations of all of

the compounds in the time zero and one year samples are lower

compared to the 50 ppt sample shown in Figure 74A, the overall

concentrations of the time zero and naturally weathered 1 ppt

samples are still relatively similar. This is particularly true of

the higher molecular weight compounds, bi-phenyl, fluorene, phenanthrene

and l-methylphenanthrene. As in Figure 74A and B, the relative

concentrations of artificially weathered aromatic compounds from

the 1.0 ppt sample illustrated in 77B show that concentrations are

in the same range in the artificially weathered sample as in the

fresh sample after it had been weathered for a full year.

Clearly, while biological degradation of the aliphatic  hydrocarbons

(primarily n-alkane) occurred at the 1 ppt level, concomitant

degradation of the higher molecular weight polynuclear aromatics

compounds with molecular weights above that of methylnaphthalene

did not occur at a significant level.

This lack of degradation of higher molecular weight PNA’s at

the 1.0 ppt level is also illustrated in Figure 78, which presents

the aromatic fraction chromatograms of: A) the 1 ppt fresh crude

added into the sediment at time zero; B) the aromatic fraction obtained

from the 1 ppt sediment after one

Kasitsna Bay; and C) the aromatic
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treated with artificially weathered crude oil after one year of

additional weathering in Kasi&sna Bay. Examination of chromatograms

78A and B shows that some loss of the lower molecular weight alkyl

substituted benzenes at retention times 10.45, 11.68, 15.15, 15.90,

16.49 and 17.71 has occurred due to either evaporation or dissolution.

Compounds with molecular weights greater than that of l-methylnaphthalene

at retention time 29.41 (B) are present in nearly identical relative

concentrations, The chromatogram in 78C shows that the same compounds

were also present in the “artificially weathered” oil which was

added into the sediment after an additional year of natural weathering.

This,suggests that although many lower molecular weight aromatic

compounds are removed from natural weathering of spilled oil while

the oil is still at the surface,

volatile higher molecular weight

sediment, additional degradative

once the less water soluble and

PNA’s are incorporated into the

processes are

Thus, while the relatively non-toxic aliphatic

significantly degraded by biological processes

extremely slow.

hydrocarbons are

in the sediments at

1 ppt, the more toxic aromatic compounds appear to be longer lived

when introduced to the sediment from either fresh or weathered

crude oil at similar levels.

Figure 79A presents the aliphatic fraction chromatogram  obtained

on the 0.1 ppt fresh crude oil added into the sediment at time

zero. Figure 79 B, C and D presents the chromatograms of the same

sediment after weathering in Kasitsna Bay for one year. Virtually

all of the n-alkanes  in the starting oil are no longer present in

the sediment after one year of weathering. In fact, the only

compounds of any significance in the aliphatic  fraction of the

fully weathered sediment are higher molecular weight odd n-alkanes,
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“23’ “25 ‘ “27 ‘ and “29’ These same compounds are also predominant

in the fresh crude sample shown in Figure 79A. That is, instead of

seeing a regular decrease in higher molecular weight n-alkanes from

“22 through nC32, the odd carbons at 23, 25 and 27 from

input are clearly present. These are the only compounds

remain in the sediment after one year, although there is

biogenic

which

some

evidence that several unsaturated compounds between KOVAT indices

1900 and 2200 are present in Figure 79B. The aromatic fraction 79C

shows only extremely low levels of residual materials  with some

evidence of pyrene perhaps remaining in the sediment at retention

time 78,70. This compound was not detected in the starting oil to

an appreciable degree; thus, its presence may reflect input from

some other source.

Figure 80 shows the chromatograms  of the aliphattc and aromatic

fractions of the 50 ppt artificially weathered crude oil treated

sediment one year of additional degradation in the sediment plots

in Kasitsna Bay. Comparison of the sediments treated with the

weathered crude oil at time zero, as shown in Figure 70? shows

little or no change in the oil composition after one year of additional

weathering. This is perhaps better illustrated in Figure 81, which

presents the concentration abundance of the n-alkanes in the sediment

treated with 50 ppt artificially weathered crude oil in the time

zero sample and after one year of additional natural weathering.

The data illustrate that all compounds below the level of nC14 are

drastically reduced in both the starting material and the residual

oil isolated after one year of natural weathering; however~ the

higher molecular weight compounds are not significantly altered.
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The corresponding data for the aromatic fraction of the 50 ppt

artificially weathered crude are shown in Figure 74B. These data

show that while the overall concentrations of the lower molecular

weight mono and di-cylcic  aromatic compounds were reduced in the

weathered crude oil compared to the fresh crude oil, once the

artificially weathered oil reached the sediment, further degradation

and loss of the aromatic compounds did not occur.

When 1.0 ppt weathered crude oil was added into the sediments,

much greater degradation and loss of the lower molecular weight n-

alkanes occurred as illustrated by the data in Figure 82. In

Figure 82, the loss of lower molecular weight aliphatic  compounds

can clearly be observed in the artificially weathered oil when it

was added into the sediments. The sample collected after one year

of weathering at Kasitsna Bay contained essentially no aliphatic

hydrocarbons below nC24. This was very similar to the case when

1.0 ppt fresh crude oil was added into the sediments and similar

decreases in the aliphatic fraction were observed. The data

in Figure 77B, however, show that the relative concentrations of

aromatics in the 1.0 ppt weathered crude did not decrease significantly

over the year period after the oil was introduced into the sediment.

Quite clearly from these results, after fresh or weathered oil is

incorporated into the sub-Arctic sedimentary regime at concentrations

greater than 1.0 ppt, only limited additional degradation of the

aromatic fraction occurs in periods up to one year.

c. Sadie cove oil/nutrient amended sediment experiments

Figure 83 presents the aliphatic fraction chromatograms  ob-

tained on (a) the 50 ppt oil plus starch, (b) 50 ppt oil alone and
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Figure 83. Flame Ionization Detector capillary gas chromatogra.ms  of
aliphatic  fraction extracts obtained on: A, 50 ppt fresh Oil plus
starch, B, 50 ppt fresh Oil alone, and C, 50 ppt fresh Oil plus
Chitin after one year of natural weathering in the sediments of
Sadie Cove.
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(c) 50 ppt oil plus chitin samples from Sadie Cove. The three

chromatograms  are essentially identical showing that little or no

degradation of the oil occurred at the 50 ppt level. This is also

reflected quantitatively by comparing the numbers in Table 57 for

samples Nos. 782, 779 and 780. These data suggest that the total

resolved hydrocarbons and unresolved complex mixtures are essentially

identical in the three samples. Other similarities include the

odd/even hydrocarbon ratios~ the ratio of the sum of pristane plus

phytane to the total n-alkanes,  and the pristane/nC17 and phytane/nC18

ratios. Essentially, these data suggest that at the 50 ppt level,

degradation is not nutrient limited. Figure 84 presents the aromatic

fraction chromatograms obtained on the same &hree Sadie Cove sediment

samples: (a) oil plus starch, (b) oil alone and (c) oil plus

chitin, As the data in Table 58 illustrate, the aromatic compounds

which were identified appear to be essentially the same in all

three samples, although there -be some decrease in the levels of

aromatic compounds in the oil plus starch sample (a). Replicate

analyses would be required to determine if the subtle difference in

overall aromatic compound levels is statistically significant.

Alternatively, it may be prudent to examine 1.0 ppt oil samples in

the presence and absence of nutrients to determine if enhanced

aromatic hydrocarbon degradation can be induced to lower overall

hydrocarbon levels where the inherent toxicity may be reduced.

I v . Disucssion—

A. Implications of hydrocarbon analyses

Many investigators have long suspected that spilled oil on the

water surface or in the water column does not consitute  as great an
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Figure 84. Flame Ionization Detector capillary gas chromatograms of aromatic
fraction extracts obtained on: A, 50 ppt fresh Oil plus starch,
B, 50 ppt Oil alone, and C, 50 ppt fresh Oil plus Chitin after one
year of natural weathering in the sediments of Sadie Cove.

761



environmental threat as oil which

regimes. Ironically, in the case

laboratory studies, the sediments

has been incorporated into sedimentary

of most major oil spills and

have been found to be the ultimate

repository or sink for the bulk of the higher molecular weight

components in the released oil (Jordan and Payne, 1980; D’Oxouville

et al., 1979; Meyers, 1978; Mayo et al.; 1978, Gearing et al.,

1979; Winters, 1978; Meyers and Quinn 1973; Zurcher and Thuer 1978;

Bassin and Ichiye 1977). Once incorporated into the sediments,

many of the unweathered toxic components of oil are retained unaltered

for extended periods (Teal et al., 1978; Mayo et al., 1978) causing

a variety of deleterious effects which are described in detail in

Section IV.

If contaminant concentrations reach high enough levels, the

biological productivity of an entire area may be completely destroyed

immediately after the spill impact, and residual toxic levels may

prevent recolonization of native species for a number of years

{American Institute of Biological Sciences, 1978). This is a

significant problem in areas of high productivity or in sedimentary

regimes critical to the survival of juvenile species. Alternately,

competing species with different degrees of tolerance to oil could

opportunistically recolonize an area, thus further altering the

biological balance at the spill site for years.

In this study, we attempted to determine which crude oil

concentrations in sub-Arctic sediments would cause long term damage

to ari area. We also sought to determine concentrations and conditions

under which specific compounds in the complex hydrocarbon mixture

are selectively removed due to biotic and abiotic processes after

incorporation of oil into the sediments. The results of these

studies indicate that sediments treated with concentrations approaching



50 parts per thousand (total oil v/v) cause extensive and significant

long-term damage to sub-Arctic sediments, and that little or no

significant additional weathering (removal of toxic components)

occurs at least up to one year following initial exposure. This

was observed when both fresh and artificially weathered crude oils

were added into the sedimentary matrix at the 50 ppt level. Similar

trends were observed at the 1 ppt level, but some evidence of

selective lower molecular weight hydrocarbon degradation after one

year was found. The experimental results also suggest that a

levels of oil approaching 50 ppt, the biotic utilization of specific

hydrocarbon components is not inhibited by limited nutrient levels

but rather by the toxicity of the oil itself.

B. Interpretation of hydrocarbon data relative to microbial

processes

There is substantial evidence in the literature indicating

that crude oil degradation requires oxygen, inorganic phosphate and

fixed nitrogen and the presence of microorganisms that can degrade

hydrocarbons (Colwell and Walker, 1977). In most environments that

have been studied, the main limiting factor in crude oil degradation

is not the presence of hydrocarbon degrading microorganisms (Atlas,

1977). In pelagic systems, the main limitation to crude oil degradation

is usually the absence of sufficient inorganic nutrients. In

marine sediments, both inorganic nutrients and oxygen are probably

limiting.

If inorganic nutrients were limiting crude oil degradation in

the Kasitsna  Bay sediments, one would expect to find a depletion of
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these nutrients in sediments that had been exposed to high concentrations

of crude oil. This was not observed in the oil sediments that were

analyzed for total phosphate and fixed nitrogen. If oil degradation

was limited by only fixed nitrogen, we would expect to observe more

degradation in oiled sediments augmented with chitin than those

that had not been supplemented with this nitrogen containing compound.

The hydrocarbon analysis of

that this was not the case.

have been the main limiting

the chitin amended sediments indicates

These data suggest that oxygen might

factor in crude oil degradation.

Although we did not routinely measure 02 levels in the sediments,

we did make redox potential determinations in all sediments. In

sediments that had been exposed to 50 ppt fresh crude oil, we

observed significant reductions in redox potentials within a matter

of days after the initial exposure. In sediments that had been

exposed to fresh crude oil at 0.1 ppt for one years we observed a

significant reduction (89%) in the redox potential. The hydrocarbon

analyses of these sediments showed that there had been essentially

total degradation of the original crude oil in the sediments treated

at 0.1 ppt, yet there was still a significant reduction in 02 as

indicated by the reduced redox potential.

In both weathered and fresh crude oiled sediments, further

reductions in redox potentials were observed when the concentration

was increased to 1.0 ppt (Fig. 59). Although there was significant

degradation of crude oil in the 1.0 ppt sediments, &his was not as

complete as that observed in the 0.1 PPE sediments (i.e., a large

portion of the aromatic fraction was not degraded in the 1.0 ppt

sediments).

50 ppt fresh

The hydrocarbon analysis of the sediments treated with

crude oil showed that very little~ if any, biogenic crude

764



oil degradation had occurred within the first year of exposure.

These data suggest that although there may have been direct toxic

crude oil effects that inhibited hydrocarbon breakdowns it is also

quite likely that 02 was severely limiting to this process. These

data also suggest that the redox potential may remain low in crude

oil perturbed sediments after the crude oil has been degraded.

In section IV of this report, we made a number of assumptions

which appear correct in view of the hydrocarbon analyses. It was

assumed that the sediments that were used for this study had not

recently been

initiation of

only biogenic

perturbed by petroleum hydrocarbons prior to the

the study. The hydrocarbon analysis indicate that

hydrocarbons were present in the nontreated sediments.

We also assumed that the “weathered” crude oil used in this study

contained very few low molecular weight hydrocarbons. This was

also substantiated by these analyses. Essentially all aliphatic

hydrocarbons smaller than nC13 and the aromatic fraction with

molecular weights lower than dimethylnaphthalene were absent in the

“weathered” crude oil (Fig. 68).

Another assumption was that the aromatic fraction was the

primary cause of the reduced nitrogen fixation rates that were

observed. The hydrocarbon analyses suggest that this interpretation

is correct. Nitrogen fixation rates were not affected by the

presence of weathered crude oil even after being exposed to 50 PPC

for 1 year. This means that the inhibition of nitrogen fixation is

not caused by the higher molecular weight aliphatic  or aromatic

hydrocarbons illustrated in Figure 68. In the sediments that had been
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exposed to 1.0 ppt fresh crude oil for 1 year, there was

significant reduction in nitrogen fixation rates of 58%.

hydrocarbon analysis of this sample showed that although

the low molecular

many of the light
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Glossary of.Terms

Acute effects -- These are the effects that are observed in samples that

had been exposed to the substance being tested for 24 hours or less.

Adenylates -- A group of compounds found in all living things ~hat act as

enery transporters within the cell. These include the compounds,

ATP, ADP, and AMP.

Amylase -- This is an enzyme that hydrolyzes starch into simple sugars.

Anaerobic fermentation -- This is the degradation of organic nutrients

under anoxic conditions, The typical products of anaerobic fermentation

are: hydrogen sulfide, methane, ammonia, and organic acids.

Anoxic -- This is a condition where oxygen is absent.

ATP, ADP. AMP -- These are adenylates which are responsible for energy

transfer within living cells. Adenosine triphosphate (ATP) contains

the most energy, adenosine diphosphate  (ADP) contains less energy~ and

adenosine monophosphate (AMP) is the lowest energy level.

Bacteriovore -- Any organisms that consume bacteria as a food source.

Benthic microorganisms -- Those microorganisms that live in sediments.

Biosynthesis -- This is the process by which new cell material is made.

Challenge experiments -- These are the acute effects experiments where

Chitin is one of the major structural components of crab and shrimp

exoskeletons.

Challenge experiments -- These are the acute effects experiments where

samples are exposed to the substance to be tested for 24 hours or less.

Chitinase -- This is the enzyme that hydrolyses chitin into simple sugars.

Chitin is one of the major structural components of crab and shrimp

exoskeletons.
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Detrital food chain (web) -- This is the food chain which is based on

food from detritus rather than from food that is directly  consumed as

living plant material.

Detritus -- All non-living organic material (including soluble organics)

found in the ecosystem.

Direct cell counts -- This is the procedure used to determine the

concentration of bacteria by counting them directly unde~ a microscope.

Diversity index -- This is a measure of the number of different types

of organisms in a sample.

Epifluorescent microscopy -- This is a procedure that we use to make direct

bacterial cell counts. The cells are tagged with a fluorescent stain

which can be seen under an ultraviolet light source to distinguish

cells from detritus.

Eucaryotic organisms -- Organisms that have cells containing nuclei; i.e.,

organisms that are higher than the bacteria.

Glucose or glutamic  acid uptake studies -- These are studies in which we

measure the rate of substrate that is taken up and respj.red (mineralized)

by natural mcirobial populations. The higher the rate, the more active

the population. This is often expressed as “relat,ive  microbial activity”.

Herbivore -- An organism that consumes plants to obtain food.

Heterotrophic potential studies -- Those studies whre we measure the

uptake and respiration of organic substrates by natural microbial

populations at various substrate concentrations. From these data,

we can calculate kinetic variables such as V Tt and
ma%’

Kt + Sn. Heterotrophic potential = the maximum potential rate at which

the test substrate can be taken up and utilized by the microorganisms.

Hydrolase -- Any enzyme that catalyzes a hydrolytic reaction. The hydrolyses

that we are concerned with (amylase and cellulase)  break down large

molecules into smaller ones that can be readily utilized by bacteria. 7



Infauna -- Any organisms that live in marine sediments.

Kinetic data -- Variables that have been calculated from data generated

from heterotrophic  potential studies.

Kt + Sn -- This is a sing~e value that is estimated during heterotrophic

potential studies which includes both the transport constant (Kt) and the

natural substrate concentration (Sn); the natural substrate concentration

of the same substrate that is added during the experiment. This

value can be used in a comparative sense when the Sn value is known

not to differ between the samples being compared. Under these conditions,

any change in Kt + Sn can be attributed to dxmges in Kt. If this

value increases for some reason, it can then be said that the population

will take up the substrate at a lower rate at a given substrate

concentration.

Long-term effects -- These are effects that are observed in samples that

had been exposed to the substance to be tested for more than 24 hours.

Maczophytes -- A plant that is large enough to be seen by the unaided eye.

As used in this context, it means large marine algae that are normally

attached to some hard surface.

Mineralization -- This is the process by which organic molecules are

converted to inorganic molecules.

Nitrogen fixation -- The process by which atmospheric nitrogen (N2)

is converted to fixed nitrogen; i.e.> NH4~ N02, N03. This

is a reaction that requires a great deal of energy.

p value -- This represents the statistical significance of the difference

between a set of mean values. A p value of 0.05 means that there is

a 95% probability that the difference between the two mean values

being compared is not due to chance.

Pelagic microorganisms -- Those microorganisms associated with the water

column. 782



Percent respiration -- This is the percent of the total amount of substrate

taken up by the microorganisms that is respired as C02. It iS

calculated by dividing the amount of labeled carbon associated with

the C02 fraction by tht total amount of

cells (both cell and C02 radioactivity)

substrate taken up by the

and multiplying this ratio

by 100.

Phosphatase --

inorganic

This is the enzyme that converts organic phosphate to

phosphate.

Primary productivity -- This is the process by which atmospheric C02 is

converted to organic carbon. This new organic carbon can be in the

form of new plant material or soluble organic material released by

the plants during photosynthesis.

Relative microbial activity -- This is a relative estimate of how metabolically

active a natural microbial population is. This is determined by the

rate at which the microorganisms take up a simple organic compound

which is labeled with a radioactive tracer. This is done using two

methods; uptake at one substrate concentration or uptake at a series

of different substrate concentrations from which kinetic parameters

can be calculated. In the multi-concentration method, the kinetic

parameter that we use in the determination of relative microbial

activity is the maximum potential rate at which the substrate can be

taken up (Vmx).

Secondary productivity -- This is a poorly defined term which

means the generation of organic nutrients in a form that

generally

can be

used by animals (not including living plant material). This is a

food source that would not be useful to that animal in its original

form.
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Short-term effects studies -- Effects studies conducted for 24 hours

or less.

Suspended particulate matter (also suspended matter) -- This is anything

in the water column that will not pass ghrough a

with a pore size of 0.45 nm.

Transport constant (Tt) -- This is a variable that is

membrane filter

calculated from

the data generated during a heterotrophic potential determination.

This value is the time in hours required for the natural microbial

population to utilize the natural substrate concentration of the

substrate being tested.

Uptake rates -- Se relative microbial activity.

vmax ‘- This is the kinetic variable calculated from heterotrophic

potential determinations which is used as an indicator of relative

microbial activity. VW = the maximum potential rate at which the

tested population could possibly take up the test substrate.
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